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Final Tec hnical Report
Grant AFO SR 75—2762

LOW ENERGY X-RAY AND ELECTRON INTERACTIONS

WITHIN MATTER

01 July 1974 through 30 September 1978

I. Clntroduction-—Low Energy X-Ray and Electron
Spectroscopy (Directed to the High Tempera-
ture Plasma Diagnost 1cs)~

~-A. Development of High Efficiency Low
Energy X-Ray Spectroscopy,
Valence -Band and Molecular Orbita l
Anal ys i s ~~~j

~~~r1 Development of the Physics and Appl ica-
- tion of X-Ray Photocathodes 1~~~~~~

II. Research Publications (Published , In Press
and In Preparation)

III. Research Papers Presented at Scientific
Meetings by this Principal Investigator on
this AFOSR Program

IV. Appendices

I. INTRODUCTION --LOW ENER GY X-RAY AND ELECTRON SPECTROSCOPY
• (DIRECTED TO THE HIGH TEMPERATURE PLASMA DIAGNOSTICS)

In the co nt ro ll ed thermonucl ear fus ion researc h and in the
development of super-radiant x-ray sources , p lasm a temperatures
of greatest current Interest are in the one to ten milli on
degree range. These are characterized by their corresponding
radiations in the kilovolt and sub-kilovolt region , the low
energy x-region. Their spectroscopy can yield Information as to
tempera ture, density and temporal history (into the picosecond
region). The principal current effort of this AFOSR program
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has been in support of this application which is of very
considerable present need. This support , however , is basicall y
in our development of the needed sensitive and high efficiency
low—energy x—ray and electron spectroscopy. These developments
are also being applied at our laboratory and/or collaboratively
with other laboratories in other areas as material sciences and
x-ray astronomy .

A. Development of High Efficiency Low Energy
X—Ra y Spectroscop y

Methods and Instruments--In three recent reports [53 ,55,58]
we have presented in detail our “sta te of the ar t” approach to
sub— kilovolt x—ray spectroscopy based upon an optimized applica-
tion of long spacing x—ray crystal analyzers of the Langmu ir—
Blodgett type and as perfected on this AFOSR project. A compu-
terized spectral analysis procedure has been developed [58]
the LEX/2 , for obtaining the maximum of physical Information from
typical overlapping low energy x-ray spectra. This program
incorporates a built -in program for the calculation of the atomic
photoionization cross sections of all elements that are typically
involved in self—absorption corrections for the radiation source.
The “state of the art” absorption tables for the low energy x-ray
region as based upon experimenta l measurements by the project
and by all others that have been reported and upon the best
available theory have been parameterized [52,713 for such direct
computerized applications.

B. Valence -Band and Molecular Orbital Analysis

As a means of testing and refining these newly developed
techniques of low energy x-ray spectroscopy in our laboratory ,
we are applying these to the characterization of the valence
band and molecular orbital states of atomic, molecular and crys-
talline systems . These studies are based upon the fact that
transitions from the valence states into the nearest , relatively
sharp inner levels yield low energy x-ray spectra that Sensitive-
ly portray the characteristi cs of the outer electronic states.
Such information is of considerable importance in the material
science area and in providing greatly needed data for the
development of the large computer modeling of chemical systems .
A new techni que has been developed in these studies for the
identification and measurement of radiation damage effects upon
materials [58]. These studies have been publish ed as based upon
the 111 ,111 spectroscopy of sulfur and chlorine compounds [54,59].
At this time we are completing a study (doctoral thesis of
Ru pert C. C. Perera) of selected atomic and molecular systems in
the sol id versus the gas state i nc l udi ng Ar , CO , C02, Cd 4, CHC 1 3and CH2C12.
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C. Development of the Physics and Application
of X—Ra y Photocathodes

The most successful method applied to date for the measure-
ment of the intensity of the spectra radiated by pulsed high

• temperature plasma sources (for which the tempora l history is
also required with as high as picosecond resolution) is based
upon the converted signal from the x-ray photocathode as elec-
trons (photoelectrons , Auger electrons and secondary electrons).
Most of the electrons ejected from the cathode by the x-ray
burst are in the secondary electron region of less than 10 eV--
peaking at a few eV or less and with FWHM of less than 5 eV.
This is the largest signal component as utilized in the x-ray
diode detector and in the high speed x-ray streak and framing
cameras [56]. Theoretical models for the yield and for the
shape of the secondary electron energy distributions have been
derived and found to be in good agreement with our measurements
on gold and aluminum for the x-ray photon energy region of 0.1
to 10 key [57]. Also completed is our companion study on semi-
conductor and insulator photocathodes. This work has demonstrated
the very important fact that certain alkali halides have much
higher total quantum yields and with much narrower secondary
electron energy distributions than do the usual gold or aluminum
photocathodes. We have been able to derive phenomeno logical
models for the prediction of yields and energy distribution
curves for the semiconductors and insulators that are in good
agreement with our direct measurements [56].

This past year we agreed to participate in a comparative
calibration in the low energy x-ray region of two standard x-ray
diode detectors of the National Bureau of Standards. (This
principal investigator participated in an NBS-sponsored workshop
on the evaluation of these inter -lab calibrations held at the
Lawrence Livermore Laboratory in June , 1978.)

The current need for precise theoretical
and experimental characterization of x-ray photocathodes for

• high temperature plasma diagnostics is so great that we have been
granted by the Department of Energy the support of a post-
doctoral research associate to supplement this phase of our
AFOSR program. The first appointment was Dr. Jerel A. Smith , a
recent doctorate of this physics department . After his work
with us he has proceeded on to a California laboratory Involved
exclusively in plasma diagnostics. Our next appointment has
been Dr. John Liesegang from La Trobe University , Aus tral i a , who
is an internationally recognized specialist in photoemiss lon
physics.

We have just completed the design and construction of a new
facility for the precise absolu te measuremen t of th e total an d

~?:~P~ ~~~~~~
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secondary el ectron yields from both thicfr and thin (transmission )
x—ra y photocathode systems . This new facil ity , along with the
complementary facilities of this laboratory , the low energy x-ray
and electron spectrogra ph s , are described in Appendix I.

Presented in the following sections are listings of the
research publications and of the papers presented at scientific
meetings describ ing the work of this AFOSR program In the grant
period 1974-1978. The first—page abstracts of the research
publications are presented in Appendix II.

II. RESEARCH PUBLI CATIONS OF THIS AFOSR GRANT NO.
75-2762--Ol JULY 1974 TO 30 SEPTEMBER 1978

(PUBLI SHED , IN— PRES S AND IN PREPARATION)

46. •Low Energy X-Ray and Electron Absorption within Solids
(100-1500 eV Region), ” Advances in X-Ray Anal ysis
(Plenum Press , New Yor k , 1974) (w/Eric S. Ebisu).

47• U1tra~oft X-Ray Bragg and Specular Reflection : The
Effects of Anomalous Dispersion ,” Interim Report ,
AFOSR 72-2174 (Au gust 1974) (w/Rupert C. Perera and
Ronald H. Ono).

48. Demountable Ultrasoft X-Ray Source ,~ (informal notes ,
August 1974).

49. TechnIques of Low Energy X-Ray Spectroscopy (0.1 to
2 keY Re gio n), ” Advances in X-Ray Analysis , (Plenum
Press , New Yor k, 1975) (w/Murray A. Tester).

50. Techniques of Low Energy X-Ray Spectroscopy (0.1 •to
2 keV Region), ” Interim Report , AFOSR 75-2762
(November 1974) (w/Murray A. Tester).

51. Yalence Ban d Spectroscopy in the Ultrasoft X-Ray Region
(50 to 100 A), Advances In X-Ray Analysis (Kendall/Hunt ,
Dubuque, Iowa , 1976), Vol . 19 [w/Kazuo Taniguch i).

52. Parameters for the Calculation of X-Ray Absorption
Coefficients for H (1) through Ge (32) in the 100-
1500 eV Region ,” Advances in X-Ray Analysis (Kendall/
Hunt , Dubuque, Iowa , 1976), Vol. 19 (w/Mark 1.
~ehatteiburg).00  •
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53. “Quant itatIve Low Enem y X-Ray Spectroscopy (50-100 A
Region),” J. Ap pl . Phys., iL (1976) (w/Kazuo Taniguchi)

54. “Sul fur Lij ,iii Emission Spectra and Molecu lar Orbital
Stud ies of Sulfur Compoun ds ,” J. Chem. Phys. 64 (1976)
(w/Kazuo Taniguchi).

55. “X—Ray Calibra tion Sources for the 100—1000 eV Region ,”
Proceedings of the 1976 ERDA Symposium on X- and

• 6amm a~Ray Sources and Ap p 1i cat~ons, University of
Michigan , Ann Arbor , May 1976.

56. “Secon dary Electron Energy Distributions for Gold as
Excited by C~

Ka (277 eV) and A l— Ks (1487 eV) X—Rays ,”
Appi. Phys. Lett. 29 (1976) (w/J. A. Smith and
D. T. Attwood).

57. “0.1 to 10 keV X—Ray -Induced Electron Emissions from
Solids--Models • an d Secondar y Elect ron Measure ments ,”
J. Appi. Phys. 48 (1977) (w/J. A. Smith and D. T. Attwood).

58. “HIgh Efficiency Low-Energy X—Ray Spectroscopy in the 100-
500 eV Region ,” J. Appl. Phys. 49(2) (1978) (w / R. C. C.
Perera , E. 14. Gullikson and 14. t~ Schattenburg).

59. “Cl— I 11 ,111 Fluorescent X—Ray Spectra Measurement and
Analysis for the Molecular Orbital Structure of C10 ,
ClOj and C10~,” J. Chem. Phys. (May 1978) (w /R. C.
Perera and D. S. Urch).

60. “Some Rec ent Stu di es in Low Ener gy X-Ray Physics ,” Proceed-
ings of the Eighth International Conference on X—Ra y
Optics and Microanal ys is ,  Boston , August 1977.

61. “Models and Measurement for the Response of Dielectric
X—Ray Photocathodes ,” Scientific Reports , AFOSR 75-2762-F
and DOE E(04-3)235-PA15, March 1978.

62. “Low Energy X -Ray Emission Spectroscop y in the 100-500 eV
• Region : Molecular Orbital Interpretation ,” (PhD Thesis

by R. C. C. Perera) Special Scientific Report , AFOS R
75—2762—F , May 1978.

63. “The Secondary Electron Emission Photocathode Characteristics
for Time Resolved X - Ray Spectroscopy ,” Proceedings of
the International Conference on X—Ray and XUV Spectroscop y ,
Senda l , Japan August 1978; Jap. J. Appi . Phys. 17, Supp h
17—2 , p. 129 ~1978) (w/ K. Premaratne). 

—
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64. “C— k and Cl— I Emission Spectra and Molecular Orbita l Analysis
of CC14, ” Proceedings of the International Conference on
X— Ray an~ XUV Spectroscop y , Senda l, Japan , August 1978;
Jap. J. App l . Phys. 17, Suppl . 17-2, p. 23 (1978) (w/
R. C. C. Perera). —

65. “Soft X—Ray Induced Secondary Electron Emission from Semi-
conduc tors and Insu l ators : Mode l s an d Measuremen t,”
Phys. Rev. B (March 1979 issue) (w/ J. Liesegang and
S. 0. SmIth).

66. “Low Energy X-Ray Emission Spectra and Molecular Orbital
Analys i s of CH4, CC14 and CHC1 3,” J. Chem . Phys. (sub-
mitted January 1979) (w/R. C. C. Perera).

Researc h Pa pers In Pre par ati on:
67. “Oxygen—K and Carbon—K Emission Spectra and a Molecular

Orbital Interpretation for CO and CO2,’ (w/ R. C. C.
Perera).

68. “Total and Differential Secondary Electro n Yields for Gold ,
Copper Iodide and Cesium Iodide in the 0.1 to 10 keV
Photon Energy Region ,” (w/J. Knauer and K. Premaratne).

69.’ “P—I 11 III Fluorescent Spectra Measurements and the Molecular
Orbital Analysis for Phosphorous Compounds ,” (wfF. Fuji-
wara and B. Young).

70. “Physics and Application 0f Multi layer ‘Crystals ’ for Spec-
tra l Analysis in the 50-100 A Region , ”

71. “Parameters for the Cal culation of X-Ray Absorption Coeffi-
cients In the 0.1 to 20 keY Region ,” (w/R. G. Hockaday
an d H. I. Schattenburg).

III. RE SEARCH PAPERS PRESENTED AT SCIENTIFIC MEETINGS DURING
THE GRANT PERIOD 1974 TO 1978

1974

• — Seminar at Lawrence Livermore Laboratory , Li vermore , Cal iforn i a,
August 1974

— Twenty-third Annual Conference on Advances in X-Ray Analysis ,
Denver, Colorado, August 1974

— Seminar at Los Alamo s Scientific Laboratory (University of

L California), Los A lamos , New Mex i co , August 1974
— Seminar at Kirtland Air Force Base and Sandia Corporation ,

Albuquerque , New Mex i co, Augus t 1974

4~ 
_ _
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1975
— A two-day symposium on “Low Energy X-Ray and Electron Spectros-

copy” held at the Universit y of HawaIi , June 12 and 13. This
- 

research group joined others from our chemistry department
as host for this meeting which was also part of the
Thirteenth Northwest Regional Meeting of the 1~meri can Chemical
Society. Papers presented on this project’s res earc h p rogram
were

• 1. “Some Curr ent Research in Low Energy X-Ray and Electron
Phys i cs ” (B. L. Henke)

• 
• 

2. NEffect of Chemical State upon Sulfur I11 III
• Fluorescence Spectra ” ( WI Kazuo Tan iguchi )

- 3. “Effect of Chemical State upon the Characteristic
Energy Loss Spectra of Molecular Gases ” (w /Ta yl or
Norcross )

(A total of forty-two papers were presented for this
symposium from U.S. and International laboratories.)

— Twenty-forth Annual Conference on Applications of X-Ray Analysis ,
Denver , Co lora do , August 1975

— Seminar at Los Alamos Scientifi c Laboratory (University of
California) Los Alamos , New Mexico , August 1975

— Sem inar at Lawren ce Li vermor e Labo ratory, Livermore , California ,
August 1975

— Sem inar at Kirtland Air Force Base•, Albuquerque , New Mexi co ,
and discussions with E. J. T. Burns , August 1975

1976

— American Physical Society Topical Conference on Diagnostics of
• High Temperature Plasmas , Knoxville , Tennessee , January 1976

— ERDA Conference on X- and Gamma-Ray Sources and Applications ,
Univers ity of Michigan , Ann Ar bor , Michigan , May 1976

— Sem inar at Lawrenc e Livermore Laboratory , Livermore , California ,
May 1976

1977
— Seminar at Lawrence Li vermore laborator y, Physics Division ,

Augus t 1977

— Seminar at Los A lamos Sc ienti f i c La bora tory, Physics Division ,
August 1977

— Eighth International Conference on X-Ray Optics and Microanalysis ,
Boston , Massachuset ts , August 1977

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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1978

— “A Systematic Study of the Characteristics of X-Ray Photo-
cat hodes ,” Poster Presentation , American Physical Society

• Second Topical Conference on High Temperature Plasma
Diagnostics, Santa Fe , New Mexico , Februar y 28 to March 3,
1978.

— “Application of Low Energy X-Ray Spectroscopic Techniques to
High Temperature Plasma Diagnostics ,” Physics Seminar

• lecture , The Los Alamos Scientific Laborato ry , June 1978.

- “The Optimization of X-Ray Photocathodes for Time Resolved
X—Ray Spectroscopy in Laser-Produced Fusion Research ,”
Physics Colloquium Lecture , University of California
Lawrence Livermore Laboratory , June 1978.

— Participated in a workshop on the Absolute Calibration of X— Ray
Photocathodes as Applied In X-Ray Detectors (XRD’ s)
sponsored by the National Bureau of Standards at the
Lawrence Livermore Laboratory , June 1978. The results of
the calibrat ions of two detectors that were calibrated by
each of the six participating laboratories , including this
one , were evaluated.

— “The Secondary Electron Emission Photocathode Characteristics
for Time Resolved X-Ray Spectroscopy ,” International
Conference on X-Ray and XUV Spectroscopy , Sendai , Japan ,
August 28 to September 1, 1978.

— “C— K and Cl-I Em ission Spectra and Molecular Orbital Analysis
of CC1 4, ” International Conference on X— Ra y and XUV Spec-
trosco py, Sendal , Ja pan , August 28 to September 1, 1978.

— “A Review of X-Ray Photocathode Characteristics that Affect
Picosecond Streak Camera Operation ,” 1978 American Physical
Society Annual Meeting of the Division of Plasma Physics ,
Colorado Springs , October 30 to November 3, 1978.

— Will present a 45—minute invited paper at the American Crystal -
lographic Association Meeting (Joint with Japanese
Crystallographic Society), Hono l ul u, Hawaii , March 26—30 ,
1979: “Physics and Appl icat ion of MultI layer ‘Crystals ’
for Spectra l Analysis in the 50-100 A Region. ”

t 
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APPENDIX I
THE LOW ENERGY X—RAY AND ELECTRON

SPECTROGRAPHIC SYSTEM DEVELOPED UNDER
THIS AFOSR PROGRAM



/ ih ~~~ 
,,
\
\

~~

I
,

r-~ /#.-..
‘

~~

C
• >) I -~ >, 0

C ‘4- r I 41 U C S’-
C 0~~~~4.) 0.1 $... *~~~N C C 0 4 -)  W E
~~ W .C 0 C .— ~~~~ W L . i~ 41
I.
C U W S . 4
o i. .— C 41 ..- r .~- 4.~ ~~~~~‘- E U) 4.) 

~~ S. 0. C U >., C
., - 4 J W O CO * n O

4.’ 0.0 r ->,  >., 41 0 0 ~I- .C I. ~~.C S.. *0. S.- .-U U) *4-
41 ~~~0 a) ,0 .I. r- -.- .,- .0 C~~~~’I- S . U~ U) .,- *~~~W
C >, 0 C C 0 0. < a) 41 ~~ 0 ‘I- I C .C S. 5-

(fl 41 41 ‘. IC 4) E C 4~ C 4) o a *n E 0 0.41 I— .0 41
5- 0 4’ *5 41 0 4) ~~ II— r- *5 C U) 4.) 41 C ..— .C

E I >) 1- .  1. S.. It) -C ,- 0 4-’ 4 1>  *s U is E 4’ 4-’ r-
~~~~ X ,-~~~~~U W 0 W I -I a ) 4’U , C . C  I. . 0 E u  • I C C
~~ 4 ) 0 *> , . OS.. .‘.U ~~ 4J , 5 W 0 .~~U W U U ) W i 5 I5 *5 0 4 1 4 1 D 0  U *f l D *f l .r. W 0
41 .— 41 u— ~— 4’ .C 4-~ C U C .C 5.. 4.) 41
>. .0 1. 41 41..- 41 I 41 *s •‘- 4’ ~~ 4) i-I .C ~~ 4.) U)

*5 ‘. C .C 4’ U) a) 0 41 ~0 C ‘. 0 ‘. 41 I *5 0 0. ~~> 4.) 
~~~~~~~~ 41,— ~~ C CSJ U) 

~0 0 U) ~~ Ui 0 4-’ ‘- E .— U)
4 1 C  ,— ~~ .C I 5 r— L S.. 4)~~~ 4 ) > , 4)I5 .C O 0 I C

~~ ~~~C C E 4 - 41~~~~ W I C 0 0 0 > ,i5 a ) I a~~~~ U U i
0 0 4- ’  *5 .C 0. 4’ .C .C a U IS .C S.. 0 .0 -~~

~~ E ..— C .C U C <4 J  C 0. C U) 5- 4-~ 41 It) .— 41 >, *5 UI
4 1 4)4 1 4)0 . -.-  41 ..- ~~ 1 C *0 0.1.. -

4)~~~~~IsU >, O S  • O U b 4 Z
•.- U) >., 4.’ ~~~ ‘. 0 .-  ~~. U ~ 0 I U 4) r- 4.’ 4.) 4.) .5 ~~o • 0) W r-* C 0 %O 1. S.. 41 4’ C .— U *sU ) 4 ) 4 1 5 - 5 - 4 . ’O . IU ) O , - W  41 5 0 4 1 4 1 1 .1.

* 5 4 ) 5 - O W 4) 0 0 - . -..- IC S . .C 4 )  4 ) 3 4 )0 0 . 4) 0 1 .
$ . i~~ 3 C W r-~~~~ U ) 0 ) 5  l 5 r- W  0 0 ’V ) 0 . . 00U )
4’ ~ U.— 41 0) 41 >, 4 10>,  .C. 0) C U C 0. I~ *5 *4- 1.
r- 0~,- *4~ ~~ > 4) ,-  5-..-.- 4.) II~ 5 0 0 .>)  0.,— 0

r- 4’ 5 0 0.1 .5 ~~ 4..) 0.1 *5 r- 4.) • ~~ 4.)
. - U ) I S 0 r- 0 4 ) C > 5 - > S -W 1 . W I S C  U ) C  0.10

• 9.’ ~~ IS 41 0~~~ 414. ’ 4-) 5 41 • ‘C Or - U) 4)
‘ 1. 41 0 I >, C 0.4—’ 4’ IS *0) 05 0 > U) 0) r- 3 4— ’

• — ~~ 41 4-p ~~~ ~~~~~~~~~ r- 0 0 04 )  .- *0) 0).,- -‘- 41 *5 41
$ 4 ~~ ’.0.,-.— 4 1 O 1 . W W 5 - W , 4 ’ a ) L . 1 . 4 1 E O v

4 ) 0 0 0  3 I 0 U) 5 - I t I0.*4— .0 0. C~~~~~ 5- 5 4 1~~~~ U ) U )
5 - 4 4 1X 1 . E - i- -41 4-) I *4- O.~~~O O 4 1 U) 4 ) 1 .  r - >)t • 3 I 5 - W W 0 ) U 3 0 0 0 ) W . 5 5- 0 0 0 .  U ) C O I 5 *5 I5
04 0.141 ~~~5 W r - W 0 C  4) 0 ..r - 5 O 5-4 1 3 0  1.

~~~~~~~~
-~~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_~ -~~~~~~
—— - - -  •

~~ ~~-



-— — — - -. -. -- ---.. --

- .1 
- 

.

I

S. s
4 .

- 
I.

‘ 



I C
• C 41 3 0

.5 4.’ 41 0>. 0.1.
C . 5 5 I 4 1 0 4)l I E4’

41 4) (0) 4’ *5*0 .5 .5 0..O 00
1. 3(4- 5 4) ,.4 4 4’ It) 4) 3 0 4 1

0 0 0 5 - E
0 1 4 1  1 . 4 1  *5 *4- 0 U) >~ W
1. X In 414)4.’ 9- 0 0 4.’  ~0 S.
4.’ . 0 5 0 4) 0 . 5  4 ’ ’ C U ) C O > ,
U >, 3 0 QI W 4 ’4 ’O  .‘.- *S 4’5-
41 0) U) r -. 0  5- -.- S.C 0 t5 15

1- E 4 1  W~~~~ 4 1 0 . 4) W U S -0
I d )  4) 0 0 *4~ N E )C . — 0 . 0 5

C C  S. .0 0 >) U)  41 >,-.- 0.15.0 0
5 4 1* 5 14 -4) .— .,-5-41 11-E 4-) I S U
0 4  4 ) 5 * 5  51. *5 .-4)
1. ~~~C I S 4 ’ 0 C 0 ) U )  I >,4fl I. U)
4’ 0 0 S - ..- .- I S C I S X .-  41,—
U .- 1. 4-’ E 4-’ ..- 41 . - W 0 ..-. 0)
41 4 ’ U W S U 4’ E 9 -IS . C I C 4 1 - C>.- *4-. U 4) 5 004-’  0. E 4-’ 0)

Lu 0 4) 0 . 4) 0 4 ) 3 4 1  -,- (0)
.-U ) . C U) l50.5 ( f l 0 . Q C  9- It)

4 ) 4 1  I- 414 . ’U 4) 5 > , J O I S O O
0 0 5  5 - U )  0 4-’

1- 1. 4’ O 0 C 1 . ’. 0 V . 5 C
4) 301. •>,1. 00 4’ ’ n W W 4’ 0 S

• 5 0 .5 4.1 5 0)4-’ S.. Li. 3 ’—  .,— 0 r ”u— *5
LU Ui 0.0 41 1. 0 4-’ .0 r- S.. ~~ 4)-C

41 0 U 4 10  -,- >, 0.0 34 ’
~~ U 41,— .- C r—  0.) • S.. 0) 0. 0 0’—
o 5 . C U O W W r - U 4 ) 5 - , S W W O S -

.1~~ 
4.) .5 41.0 U) 41 5. 41 (0) 4)

>, U U) 3..- 5 4 1  4.’ 414 .)
U 1 . 0) > C U 4 -’ 0 4 1 0) W 0 1 -4-’

C U 4 ) * 5 C . . - W . 5  *5 1 . . -  *1
o ..-“.- 0 .r- 4-’ .— )— 1. >~ Q) 4J ‘C

4’ 0 C 4 -’  IS 0.1 0) 0,— 41
4-’ U ) X 0 I 5 .— .-- - , - 5 - C 0 ’ C O S . .U)

• 5 . - U 0 4’ W ’ C  • r 4 1 1 5 > 5- 5 r
r - 1.  U 0 S . .U U ) 0 . C 4 -’  4-I tS U)
O 4 1 0 U ) S . .  r- 41 . -U 0 . 0 ) U  IO U)

15S. ..5 4.) U C W V W S
4 10  0 ’C  W U . — C o - ’ - o . W E o

~~ IS .0 5 .5 . 5 5 3  0 0 4- ’  U) UI -I-

1 . W I C S 4’ 0 . . .-E 5 - I S * 5  *0) 41 4.’
.5 *5 U) ~~~~r- U) 4~ 5.. 41 41.5 ~~. 535  ~~~r - 0 5 0 U W . 5U I — .0
.- 0 0 U) E 0.1 0 41 .5 r- 4-’ 0 ~‘—

~~ U) 1. 41.0 U 1.,- 41 4) 5.. 5.
••,— 4 ’ .— 41 .59— 4-’ 41 0.0 0. • 4.)

.0 00. N 0 0  • u c  E U )
• 0 1 5 4 1  E >~~~tC 41 >~~ U) IS (C >~~U r

0.1 5 - 0 . - I C r -  5- r -  5-r -  p.. 4.) ~~
U U) i~~ > , U  U IS~~~ 4 1 0 4J  *0)

(1 4.’ 4-’ 5.0 4.) .0 ~r - . 5  4) 5 > ) >, •
5 - r - 0 5 5 - 4 ) ’ C  4 1 4 ) 5 1 . 4) 5 0 . 1(0) 0)
3 -,- -’- W . 5  ~0 . E 0 ) 0W C S  S..

• . 
0 49 -  -v 0)0)41*’) *5 *5 0 4) .0 IS 0~ S.. 41
- I 5 3~r- S.. •..— 4 ’ W I C C U W W C
Ii. < S - < W ’ C~~~~ 0 U ) U ) E ’ C U ) u ,4 ’ U

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~ -~~— _ •— —~~-_--

- _ _ _ _  _ _ _  — - ~~~~~~~~ - 
-



0

~.o• ~~~~~
4



_ _ _ _ _ _ _ _ _ _ _ _ _ _  - •  ___

~i~m
~II

•1’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5.. 41 -,— I 0 0 0) I .0 4.) I 1. r- 41 • V
4) 4 ) 5 0) 5- 4.) O S  U ) C 1 .  O C 5 - U ) W r- 0 . . — U ) W  r - C
.5 4 ’. .-0 J 0 4’ *5  54~~0 3 0 )0 . 5 4 )0 0 5 0  3 5 0 4 1 . 5  4 10
4.’ IS r- 5.. 3 ,5 -r- 0) .,- 4) 4) 9- 4-’ 0 0. 5- 0) 0)41 E -5 -.- 4) -.- 41

‘— . C v C  . 0 0> ) U 0  5 - ’ C U i O~~~~ 5 . 5 W 4) 5 C 0
9-~~~ 0>. 9- 4 ’ *5~~— U U . S t 5 1 . 0- 4 ) 0 0 W S .0 0 4 ) 5 - 3 3 i - - 5 W 0  .5
O C w .,- ~~ 5-4 ) ,- 4) 0.5.. *5 C ’)- 0 5- 0 .0 U) r - 0  0.4’ 5-4’ 5 0.

41 ~~ 4) ~~ 4— ~~ 4.) 0.0 I C) U • 4) 0 C II— U) 0 5: U) 3 0
4) 0 I n  0 0 4 ) — E U 4 1 XU ) C E U ) 0 3~~~~-’- 4’ 0 - r - U I >  I n E 5 - V
5 - 5 - 1 -0 . - C E ’ C C . C  E - ’ - W v . 5 r - 0~~~~ C .0 V 4 1 I S 4 1 4’W
4) ‘C 4~ S-’~ 5 4 1 4)  5.. U) S4-~ C 41 4-’ 5.. r- 0-9- .-. I 4 1 4) 4 . ’  ‘ C C  4 1 0  4) 4-’ 0 4)• E * s W  0 . 0 0 4 1  0 * 0 4) 1 0 3 4 1  9 - 5 - U U ) I S  W 4 ) 0 E U ) 414)

• 01 0 0 4’ 0-.- U) 0.41 0.0 U) 1. U) ~r- 41 U U) 3.5 W v IS.C >~r- -,-
5- 0 0 4) 4 ) 4 ) 4 )  .5 C C > , W I S > ,C . 5 . 0 4 1 U’ C 4 ) . 5 C 5 - 4 ’ 0 U ) W E
3 4 ) 1 5  IS U) 1. •~- > ) * 0O U ) . - 0 )  0 4 ) Q l r- 1- U 4 ) 4 1 . 0* 5 4)  U)
U i 5- 0 5 - 4 ) 3 0 5 -  .— U E C r -  4 - ’ . . -O W > )  4 - ’ r - U  4 1 4 1 5
41 0 5 *5 • -r- ~~~~ S U 4’ E V U U 0 U) E ‘5 9- 3 ~~ 4’ • X i —  0 0 0 . 5  IC
01~~~. ) . C O U  .- V  • U 4) 4 1 0 0. — 5 - I n 0 5 -  i— - ‘ - U ) W I S 4 ) W O 4 ) 5 -

- U * >,9- .— U) 4) 4.) 1.. 0 (C IS 4-’ r- 5- .0 0.19- U) 4.~ U 0 (01 .5 4’
~ 41 410) 0 4 . ’5 -U ) 0 1 .  -i— U E 9 — ’— E ‘ C C C  . 5 3 4 .. C

4 1> 4 1 . 0 . 5  1 . X . 5 C~ r - > , 4 ’ 4 ’ 4 ) 4 ) U U )  . - I S 4 1 0 1 4)4) ,5 >,0. *5 4) 5-
. 5U~~~ 4 ) 4 ) 4 ) 4 ) . . -  . 4 1 0 U) r 0 . — 5 r- 5 X 4 1U ) . C r -4’ E ,— U ) 0 0 4)
4 ) 5 4 1 .  . C S U~’ 0)E  5 0) 0 4 1 4 1 1 5 3 0  4 0. C QI C OI C -r- 0.0 O.

01~~~~~ W C 4 ) U  C W U ) 5 - O r - > 5 -  5 . r-  0) E ’ . S . 0 4) 0  4.)
1- - 4) ..-. -,- 5.. .r- 0) E 41 4) >) 4 ) 9 - 4 1 -s  5 * 5  3 IS r-
0 U) - r- 5- i l-  •4) 3 4) 0 9 - 5- — ’  4 ’ U i n C U) W 5 - U ) 0 . 5 0 C
(4- 0 . r - C O O W I S U i C W Wr - ( ’ )9- IS 5 > )  4) 0 I 5 . 0 3 U i 4 0. *5

~ 9 - 0 4 -  U 4 . ’ I S OE I .IS r - 0 C * 0 . O. s Z W 4 ) W  0 r - U  41
) - - -.- U ) 5 - 0 W ’ — O I S U U I V S . ’ .~ .- 41 4 1 V O E 4 . ’ U E W W C C
4) 11 5 • 4 ’ 0 4 I 3 5 - E 4J 1. . r - S  0 . 5 . 0 V. , — W O . 5  U ) I C U) 41 .C U O
. 0 4 ) 4 1 4) 0 0  * — 4 ) U ) 5 - C 0 5 U 4 ) I S W~~~~.0.5 0 . C 3  C U4 JE 4 ’
r - E r - 4 ) r r - 1 . u l’ C U U ) U 4 ) 0 . r  0.1 5 - 5 -  4’ r- E C ’ C D  0.1 0
• r- 3 U )  *5 . 0 0 . 3  > 0 U C CE 4 ~’ U ) 5 - 4 ) 3 0 * 0 . 5 W  5 5-  9- S . C
U~~ ’U )  * I S 3 0 C C . - 0 . r-01 r- I . ’.  04’ U) 1 . W U 0 ) r 5- 4 ) > ,O 3 0 .
4 1 5r -  01. 0 ( 0 ) 0 0 4- ’  4 ) 5 . . - I nE v  I n 4 1 4 1 0 0’ . - > ) W . 5  *5 U) -

L & . 4 1 E ’ - I U  .r- ISV 5 .> , 3 5- 5 .~~ ’~-~~0.1 4 -’3 4~ -5 4 ) 4 1 5- 5 - 5 * 5 4 1
3 .U ..- $ 4 1 4’ V . - W r - i 3 (J r -W I SU U ) E 5 0 0  4 ) C . . - O I OU C
C .~~ > , C 4 1 WQ 1 4) 0 0  0.0. . . — C  3 O 5> , U I3~~~~Li. X - r - E W

• ) 9- r - , 4 ’4 ’1 .  ( C 4 1~ .-.5 O I n O 5 -  0.,— ..— 0 U) V
(~) 0 1 5 -  *5 0 41 .-- ~.- C U • >, 04 14 . ’  4.) . U 4~ 4) 0 0. 0  .0 U) ‘0 ~1-4 ) 4 1 5  (0) U 3 4 1 0> , . - 5- . - 4 ’4 ’  0 5 4 1 > 4)  5 . 5 - ’-  U
0 1 3 0  0 4 ) 0 4 ’ X 0 U ) ’ C 4 ) 1 . W 0 .  O 5- . 5 W.--.- .5~~- S . C I S~~~~ 0 E4 ’ C

—-~~ - 5.~~~~ 5 4~ U r - C 4)  E -.- 5- 5-4) 4-i 0. (0) 4’ 4) 0 .0  41 4.’ 4) 0.0 00  U) r-~r-0 0 5 - 0 4 1  U - 4 1 0 4’ IS r- .5 5 . 50  *5
• —•. 0) (0) U 0.1 3 0 4 ) 4 ) 0 1 0 1  (~) 0) 0 * 5 4 1 4’  ~~ 3 0  (0) 0 .- S .  0 4.) C U) 0 0 5 -  1.

.,- .0 4)  O i f l u i . C 5- 5 - . C  r - 0’- .5~~~~.C O ~~- r - C 4 ) O . C41~~- 5 - 4 1 0 1
<i  < U i  ..- w4.  4 1 0 . 4 1 4 1 4 1  0 . 4 1 4) 4)  4) I— ~n ~~~~~~~~~~~ *4.. 0. 0. ~~ *54)  0. 0.

- 
,

____________________ — 
- ______________



- --- --  - -- - - - - -.- - - --

(
/

~~~~~~~~~~ 

~~~c .p(

I
-’

—II ;.

4,

- 

.

....
~~~

iT
~
a1j
,

S 

- 
- I

-

~~ 

. 

.

I -,

• 

- - - —



___• ~~~~~
•
~~~~~~~~

_ _ _ _ _ _ _ _ _  • •T~~~~~~~~~~~~~~~~~I~~~

• •
H U ) > ,  >. >, - 

-

0.1 0)

h ~~ •.C O E  0.J r— 4) .
~~41 ~~~~pf~~~~~~~~ ~~4) 5 - S V  ci ri ~~~~ u~ -~~~ ~o s~~~co Co o~ 04-’ r— C V C 41 -4)

0 0)  0
5-0. 0.... ’ 4)
3 U ) 5 - I Q 4 1 W
0 aJSC’ ) . , -.C O A

• I n C  0.(..)0)V 4’  C~) 0 ,.s c~ w~ ~00.  IS C) ~~~~~, ~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
5 5- 0  • • S — C 4 ) 0 3  ~j ij • • ~ • • • • •04J U~~~~P.. ~- ~~~~~ O
r - U  I~~~~~4’ 4’4) 419- .— 41 5 .~~ 4.~ 

-

I0 .— O <, - IW 5 -  U
0 0  0 4 )

41 • ..-I Ø. o,o
U V 5 -~~~~D 0 )

113

4 4 1 V 4) 1 -9- 4 . ’ I  -“ - 5-0 . 5 0 5 0> 4  -

U ) S S+1 .—.
~
- .5• 5 *0 0  ( 0 ) 3  

~~~ .‘ 1.)
• 4’ >,~~ ~~ 

15” ~~~ ~~ ~~ ~~ ~~ ~~

0) 4) 0) 0.0 E 15 .5 £— ~~ ~..- 5 0 . 4 10
. C Z 4 1 O 5 - VW V  -

0.5 0 5 - 0 )
• 4 1 r -U U ~~~4’ ~~~~~~ •~~~~~ -.. ~~- .~~c i o c i r ~ t’- t - . m o u~

~~ 4~4
, • . • • . . . . •  • • S S

.5 5.-..- 41.5 ~~‘ ~~~ r4•4) ..- .C 5 .  >4) 0)
41 0. 41..-

5- U 0 4 I S 4 1 0 0
30 ’-  5 . 0 .5 . - . -  - -‘~~~~ ~~~ - -

35 $ •~~ $ I I $ 1  5 $- -
~~~ ~~~~~~~~~~~~~~~~~~I~~~3 5 — 4 1 U 5 . U) 5 .

_ _ _ _ _  _ _ _ _ _  — — - -._- —_--- ~~~~~~~~~~-~ - _ _~~~~~~~~~~-~~~~~i~~1~~~0 i _  ~ — — - — —  - — ------



- -

A
-
~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

j~~
_
~~—)~~~~\ \_

i~~~
,

Q IjJ 
ZI—
D4
I- c.)

J L 0
I—’ —

~~~~ \\
~~~ — - 

—

- - -

~

;;‘ -;-;.
-
.
- 

-..- ; -
- 

- -
-•

— - -- • ------- - - —  —- -- •-.-—~~~~~~~ - — — • .—
-
------ —‘----- -— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _1~~ - — ~~~.—•- ,-•’-.-.- ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ —-- -~ - ------- --- - •



I
O 1S-.U..- 41
4) 03 .5
41 5-4) E
5-V #’ 0)
0 C U )  04)
.O w C 4 ) U )
*5 0 >)

U r-
>,I0 5..0 5-
0 . 0 1 4 1 1 5 0)
0 N r - 4)
04)  >,-,- S
U) ‘Cr - *5 0.
O 5 > E
4 ’E *5 U

• 0 0
0 1 0 r -  ‘0
0. 5- 41 U) P.’.
U) 4’-v- t’)

W U ) U ) I

0I 5 S- r-~~~ •
5- U* C -’ O.

• 4J ~ Q C 0
0 W V  *5 0) .5

• 0 ) 0 5  0)U)
‘ - 3 4 1* 5 5 .
(‘I i—  4 . 1*5 4 1

U S  *5 .— C
Ø CO V  r-
5 #-* r- IS.5
*5 4) C )  U

*5 C U) IS

- 
-

IS ~~- 41
5 - 4 1 0 .5 - U ) . -

• I Q I G I U W I S
X W 5 - 4 -~~’- 4)

• 9 - 0 . 3 4 1 5
>, 0.~r— Q)
0)01 4) E s—  E
1.
4 ) 1 5 0 . 00 5 -

C SE  *5 41

U ) U ) . -  X

*5 .5 0)
0 0 5 - E U
. — O O U ) 3W

09- *0)4)
*1) 0.1 *5 4)
.5- >) Wr -
. 5 55 - 5 - 5 -0 .

I— 41 0 0  i~ E
.5 4) 9- 0

4~~00 >)U
• 5 - V S .

1 4) 4 1 0 5 0 0
1. .0 *5 4) 4)

0 )0 * 5  4 1 0)

5 - Er -  .5 . 5 . .

3 5 0 4 1
0)9- 0) O.0 r-
..- 0.5 r— 41
LL. ’.-’4’4 ) r - I 0

_______________________ ~~~~~~~~~~~~~~~ ~~~~~



F------ - ---- - - -  —__-- -------.--—----- --_ _ _ _

I

- 

S
t I - . : 1

5, 

1i~ ~ 
I 

L 
— 

C

- 

-

.

-- 

- -  

-J1L.~~~~~ 



_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~ 
-—

APPENDIX II
• FIRST—PAGE ABSTRACTS OF RESEARCH PUBLICATIONS

FOR THIS AFOSR GRANT PERIOD

ar .  - 
.— - -•-- -

- - -  ___ _ —---- • •__z_ .~~__ -
-

• 
- - - -- -- - .-~~~~~—~~~ --- - -~-—— --

-----------•----- -.-- - •--- -



-,

—.—--- ..• _i
-_ -

z ;
~I.-

~~~~~ ~ii —
~~~~~4-I ~~zI t~

0 

i~ii.I _ 0IHi- - g  0 .~~~~~
• .  • 0)

0 ~~~~~~~~~ 
6

4 -.  
__

0~~~~ - 2  
.

i~~1 ~ ~~~I I ~~~ I ’ —

0 • _ 0
p 

I.. 
- ‘5

— 
~~~~~~~~
‘

~~~~-__-- ~~ 
_ o~~~~~

S • ~~~~~~ 
a .  - 

~~~

. I ~ _ _ _ _ _ _  

U)>

~ 

— •
-JIc: 

__ 

____ _ _  0 
~~~-. zz _

~~~~
h’ 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _  

W P4

~ I 3 • .? - g 

-

z 1• .‘
%

j o l  _  
‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

______  
N

41 
_______- e  

_ _ _ _  

___—

~~~~~~~~~~r 

- 2 -
~~~~~~~~ ~~~~~ 

1 
-

0..I ______ - 0

~~~~~~~~~~~~~~~~~~~~~ 
._ — - - . 

—
0
01 ~

_._____ ____ 
S •

I I I I I I I I I
*5 N -~ 0 0) p..

~~~~~~~~~~~~~~~~~~~~~ 0 0  a ~0 0 0

a

a 41.

I 0 II 
4%

a ~. 5 0 1 +’
0 4 5 )  0 4 ) 10 1 1 . 55 5 ~~~~ 

‘
~1. 5) 1. 4 ’ 4 4 r 4 U 1)  0 4) 4) 04’  CI

4 ) . 5 Q  5 . 5 5 1’ 5 4 I V ...4 44 -.-I 4 1 4 4. 5  5 4)  4 -sI
~~1

v~~~~U 4  0 4  5 4 4’  4 54 11.4 54 0 0 1 1
4) 4* 5 *5  Lu .-1 4 * 0 k  * 5 0 4 * 5 4 5 4) 0  r I k

• k 5 ) 5 o~~~~~~ 4 ) 4 4 * 5  -* 0 P~ D 4.-$ O 5-
0 . 5 0 0 . 4 0 0 1 4  V~~~~ U 4 ) 0~~~ 5 5 ) 4 1 4 *  1 4 -, I I 4I 0
4) 42 4 .4 0 4 5 4 + 1  1 1 , 4 0~~I 0 > , ~~~ >s 0 .-4 S ) U ) . 5o 4 ’o~~~~ o + 1 g~~~~g Z 4 ’ O + ’ M .4 5 ~~1

C) 4 4 )  4’~~~ V .O~~* ) s V
~~~~~.~~ Z’~~~ .-* o sr 5 4 5 .~~~ 5 C) 4)~~~~ 4 4 4 4 ’ . 5 V

~~~~~~~ ~~ ,.( V 4I ,-4 . 0 0  CI •0 5~~~~ 5 - .4 5 + 1, 4  4)
• V .5 I m —4 .5 5) 4) -.4 .4 DI U Ci .5

1 * 0 + 1 4 ) 4 1 0 4  0 p 4 4 )  5 4  .5 0 1 4 1 40 0 5  5) .4 0
4 0 * 5 4 ’ Q4 ’ . 5 4’ 4 5)  5 4 5 4* C V ) 5 4

4+ ’ -’~ 4’~~~ ,.,C 4 ’ U4 ’ - ,  00 . 4 .5 4 Q,4’-.-$ ,-4
).~ 4 4 1 5 4 V 4 )  0 4 ) 4 ) 4 ) 5  1 4 0 4  E

U 0V - ,I tl~~~ . ) s ’ l D I V V V 4 -’  5 4 U P . 4J 4 V V 0 . 5~~~4 V . 4 .1 5) 4 ) V 5  u I ~~M .5 5 4 4 4 ) 4
C

U I )  .-4 V ..4 V I 4 4 ’  $I .4~~~~~ 5 4)  4 1 .  ~~~~~~~~~~ 01
4 1 1 4 4’ . 5 V . 4 5~~~4 . 4  , - 4 V 5 4  + ) 0  ‘5

• • 4) Ps4) U~~~~~ 5 4 4 )  0 $~~~~ 5 I 4
.4 0.4.1 DI ~ ~~~~~~~~~~~~~~ i-i - . 4 4 10 4 ) 4 ) 0 4 4 . 4 .4 +’

~~

4 ’ V V V 8

~

d . 5 4’ . 4 . 4S 11.5 +‘~~~~~~~ 5 o 4 * 0 4 V C  0.
U.5 4) k 5 4 ) 1 4  4 0 4  5—
v m 4  . 4 0 0 0 d H V V r l  4 11

. - 4 4 4 . 5 - e lI) • .5 6 * 5 4 ) 0 5 5 4 . 4

54 I) D I V 5 O 4 D )~~~~ .4 4~~ ~3 5 4 ,D CJ ) .4 5 O U t )0. 4~~~ * 5 U 5~~ S 5 O . 5 U 1 10 4  4) 4 ..4 0 4 ) 4 . 4  (0)

U ) 5 V . 4 5 4 4 )  4 ’ V 4 1~~ 4 5 5 ,~ 0 5 4 ) 0 4 ) - s I  0 ~~ S
.4 U V ’ d k U ’ 5 I P  U . 5 q O ~~, -ri M D I 4 ) 5 , 4’4’ ‘0)
~~ M .~o~~~~ I ) 0 V M P I . 4 ) 4 ) 0 . - I’-( ).~ .4 . 4 ) 4 ) 5~~~~ 5 5 )  > ‘ )
14 I 4) 0 )4 0 5 0  0 4 * 4 ) 4 0 5 5 * 5 4 4 )  -.4 4)

)., P 0  54 .-4 6 4 4 + ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S M
.0 5~~~~$ 0 0 O . 4 5 4 4 ~~~ 1)

• ~~~ 

4) 5 .-I k O 4 )0  5 5 4) 14

~~ 

04 ~~ 
~~~~~~~~~~~~~~~~~~~~ -.4 0 4 *4 ’  C I V  $ 4’  0 V , 4 4 1 4J 0

-, • ,4 ø d  5 5‘4 • O S 4 * 4I +)~~~~ k~~~~~~~~~~0~~~~~ 
~~~~~~~~ •

5~~~~~~~~~4) £1

~~ -.4 5) • I) V O~~~~~~ ~~ -,i +) Qs U 41 43 U 4 ’ D I . 5 . O  S > .4

•~~~~~~~~0 4 ’ •  4 4  0 4) 4 )4  R.1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I) 4 5 5 . - I  4 ) U ~~~~

4’) 4 4  
~~~

I)
~~

4 , 4 ’ t ) ) 4
~~~~~~~~ 

~~ 4 5 0
• 4) • • +‘ C 1 Q - 4 4 ) k ’ 4  0 ’  5 4 4 ) 5 4 ’

,1 ~~ S 0.-I  4 ) 4 ) 0  0 +)  V . 5 5  .54 4 0 .4 4 . 4 4) 4

p. ~~ 

,~~ S •o 3 S . 5I I~~~~~M k S 4’ D I 4  h O 4 ’~~~~~O~~ P4 ,.I *5
0 P 4 4’~~~ .5— 1- —•g .  4 ’4 )~~~~~’. . I )

5 .-I I) S .5 4 -.4 ~~~~~~~~~~~~~~~~~ 
.4

4’ 0 

~~~~~~~ 5 4 ) s 4 4) 4) ~ s .5~~~~4* 0 . 5  11 4’
43 e 4 4 ’ ’ 4~~~fl J~~~~~ 5 4 ) 5 5 4  .5 0
d.,l -.~ 41 4 ) 0 0  4,

5 0 . -  U 4 4 * U~~~~k 4’
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
q4 O 4J ~~~ 

~~~~ ~~~~~ 44~~~ 
5 5 0

11,4 -.4 41 41 4) 4) 4) 5 U

~~~~~~~~~~~~~~~~~~~~ ‘~~~~ • 
s .  ~~ o-si .~~~~~q ‘5 >.

— 4 i~~~~~I~ H a.  ~~~~~~~~~~~~~~~~~~~~~~~~ °
‘4.4 ~ V

‘4 — ~~~~~~~~~~~~~~~~~~~~~~~~~~ $ U

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~ - 
-, -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ —~~ --~-~~~~~~ -- -



- Inter im Re por t
August 1974
168 pages

ULTRASOFT X-RAY BRA GG AND SPECULAR REFLECTION: THE
EFFECTS OF ANOMALOUS DISPERSION

B~ 1. Henke , R. C. C. Perera and R. H. Ono

ABSTRA CT

For the low energy x-rays (100-1000 eV region), atomic
scattering becomes of practical importance as it is involved
in Bragg reflection from crystal analyzers and in specular
reflection from mirror systems. But the cross section for
coherent scattering In this energy -region is very small as
compared with that for photoion ization , the latter being
more amenable to direct measurement and also to theoretica l
calcula tion .- Assum ing dipole descriptions only need to be
considere d here where the wavelengths are long as com pared
with orbital dimensions, the current theoretical partial
photoionization cross section calculations have been applied
to yield oscillator densities which permit a numerical solu —
-tion of semi—c lassical dispersion integrals to obtain the
atomic scattering factors . These factors account for the
strong anomalous dispersion that is characteristic of low
energy x-ray scattering. For the long x-ray wavelengt lss ,
It Is assumed that all atomic electrons scatter from a

• volume that is small as compared with the wavelength , in
phase in all directions. The atomic scattering factors , in
turn , are applied with electromagnetic theory to calculate
optical constants for the solid and structure factors that

- 

characterize the crystalline state. With these, the classic
models for x-ray reflection as the Darw in-Pr ins perfect
crystal theory and the. mosaic , imperfect crystal theory , have
been specialized for the low energy x-ray region and aDplied
to calculate the reflection properties of specific , practical
analyzers for the ultrasoft x-ray wavelengths as the acid
phthalate crystals and the langmu i r-Blodgett multilayers
with d-spacings in the 25 to 150 A range. And with the -

• optical constants , the Fresnel equations have been expressed
for the long x-ray wavelengths and for the large angle re-
gion to calculate the specular reflect lvities for the fused
quartz and the aluminum mirror systems . These theoretical
Bragg and specular reflection characteristics have been
compared to those as measured for the same systems and
generally good agreement has been found between theory and
experiment. Fina lly, this approach for the calculation of
anomalous dispersion effects has yielded a relatively sim-
plifled description of the general properties of dispersive
analyzers for the low energy x-ray region.
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• Advances In X-Ray Analysis (Plenum , New York ,
1975) Vol. 18, pp. 76-106

TB0~NIQUES OF LOW ENERGY X-RAY SPECrR0SC0PY

(0.1 TO 2 key REGIOa)

Burton L. Henke and Murray A. Tester -

University of Haw aii

Honolulu, Hawaii 96822

ABSTRACT

Presented hez-~e is a report on the development of pract ical
techniques - for laboratory spectroscopy in the 5 to 150 A wave-
length region as may be applied, for example , to light element and
surface state analysis, high temperature plasma diagnostics and to
the design and calibration of x—ray astronomy measurements.

I. INTRODUCTION

X—ray spectroscopy in the low energy region at or below one
kilovolt has become of considerable practical. importance for light
element analysis, valence band or orbital energy analysis, surf ace
characterization and high temperature plasma diagnostics. The
light elements, Mg through Be , emit characteristic x—radiation
only in this region. The sensitive transitions from the outer
orbitals into the first inner shells yield valence band spectra
which are always in the ultrasoft wavelength region. Fluorescence
analysis based upon the ultrasoft K, L or M ch~.racteristic wave-lengths typically involve sampling depths of surfaces in the
sub—micron range. And , finally , the spectra emitted by high
temperature plasmas in the one—to—ten million degree range emit
most stron gly in this low energy region and do characterize the
plasma temperature and electron—ion densities--such plasmas are
involved in controlling nuclear reaction research and are of
particular importance in laser-induced x—ray sources, and are also
often observed from astronomical. sources via rocket and satellite
studies.
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Advances In X— Ra y Anal ysis (Kendall/Hunt,
Du b uque , 1976) Vol. 19, pp. 627-641

VALENCE BAND SPECTROSCOP! IN THE ULTRP~SOFT X-RAY REGION (50 TO 100 A)

I 
- 

Burton L. Henke and itarwo Taniguchi 
-

• University of Hawaii

Honolulu, Hawaii 96822

ABSTRACT

Transition s from the valence electron levels into the first
relatively sharp inner sub—shell levels result in characteristic x—ray
emissions in the 100—200 eV region. These spectra sensitively reflect
the chemical stat e of the atoms which are representative of the sub-
micron thickness of the sample surface under low energy x—ray excitation
and of the first few molecular layers of the sample under electron
excitation.

An optimized measurement method for this 50—100 A spectral region
i. based upon single crystal spectrometry using a lead stearate analyzer
vhich has high dispersion and efficiency and an energy width of
about one eV in this wavelength range . Spectra are recorded using

j “tuned” proportional counter detection. In the work reported here , low
energy x— ray excitation is used in order to minimize the possibility of
radiation damage of the sample .

Each spectrum is calibrated for both energy and instrument trans-
mission using known , sharp M lines of elements such as molybdenum ,
zirconium and yttrium which vii]. bracket the spectral range under
measurement . A simple method has been developed for “stripping” from
the measured spectra the Lorentzian crystal width and the Gaussian
collimation width in order to allow an estimation to be made of the
actual emission line widths as veil as the relative intensities.

In this report, as an illustrative application example, S—Lu iii
spectra are presented for a series of sulfur compounds in both solid and
gas states. Manne ’s approximate molecular orbital interpretation of the
x—ray emission spectra has been adopted and extended to apply to the
L11 1jj spectra for second row elements.
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APPENDIX

PARAIIETERS FOR THE CAL.CULATXON OP X-RAY ABSORPTION COEFFICIENTS
P05 H (1) ThROUGH 0. (32) IN THE 100—1500 •V REGION ’

~~~~~~~ L. H.nk. and Mark L. Schattenburg
Department of Physics and Astrono my
University of H aw sil
Honolulu, Hawaii 96$22

In a recent paper’ we complied absorpt ion coe fficient tables for all
•1.aents throu gh atomic number 9~ (and for some often used laboratory
so.pounds) for twenty—six K , L, and N characterist ic wavelengths as common-
ly involve d in low energy x—ray spectroscopy in the S.3~ to 1111 A region .
These tables were based upon a state—of—the—art averaging ” of available
experimental data and the theoretical data of Veigele , et. p]..’and of
~~~~~~~~ Our best experimental data (on the inert gases) were fit
closely by the theoretical phototoni xation cross section curves (except
for Xenon at the longer wavelengths) thereby verifying that for this low
energy region coherent and incoh*rent scattering contribution s to x-ray
&beorptlon are essenti&lly negligible and that only small adjustments in
the theore tical data were appropriate at this time .

In order to facili tate the prograsv~ing of absorption correction s inquantitative , low energy x- ray analysis , we have listed here the pa rame ters
which define a least squares fit to all of the abeorption data for the
first thirty—two elements (through German ium ) using polynomial, of the
term

log (10 ’N )  — a + b log E 4 c (log 5)’ + d (log K)’

(I’ In em ’/gm , K in eV and log terms to base ten.)

These polynomials were used to plot the associated absorption curves with—
In the listed absorption edge enCrgies. In order to compare these curves
to available experimental data the measured values have also been plotted
(Solid dots indicate our measurements and crosses indicate most other
reported measurements). The sources of the experimental data are listed
in Reference 1.

Using these parameters , we have prograi’uced a small laboratory compu-
ter to generate tables and plots for compoun d absorbers. Included here
are the calcula ted absorption curves for the molecules C206, c2y6. P123,
and CCiI along wi th our directly measured absorption cross sections for
these compounds in order to illustrate the ad di tiv j t y of atomic cross
sections for this low energy region.

‘3. 1,. Renke and Eric S. Ebisu , Advances in I—Hay Analysis , Vol. 17,
(Plen um Press , New York , l97~~) .

5 V. 2. Yeigele , Ato mic Data Tables 5, 51 (1973) .
‘2. H. Scofield , Technical Report No. 51326 (1973),  University of

California Radiation Laboratory .

‘This work is supported by the Air Force Office of Scientific Research
• Orant No. 75—27 62.
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Quantitative low-energy x-ray spect roscop y (50—100-A
reglon)

Burton L Henke and Kazuo Taruguchi
..kj, ~~Hewgid~ Deparn,w,u of PhySIes m d  Awomomp, Ho.4pJs~ Howell 96122 .

(1 th.d 27 August IflS)

the j~~~th~aive analyis of emission spectra in the lO-IOO.A region has become of considerable
i n erL..o. for nigh-temperature plasma diagnostics (lO’-lO’lC region) end for .“~‘~ular orbital and.md.state-brind analysis. Bccause measurement intensities are typically low in these applications, achieving
.pdusum spectrographic measurement is essential. In otsier to present specific procedures and methods

~~ i1~ie izis1 and calibeating a low-energy spectrographic measurement, a molecular orbital analysis in the
~ 4O.A region (S-L,,,,, emission spectra) ha, been candcd out quantitatively in energy and intensity using

• S ,.,a.tl) described single-crystal (lead stearate) spectrographic approach with about I eV resolution.
~i~~ tive yields, Y. for the radiation process being investigated are determined by the relation, -

I . T.. Z/ (X,RSTQ)~ where 2 is the area (intensity x angle) under the spectrographic line, X the excitation• 
~~~tion. RQ~) the coefficient of reflection of the analyzer, S(A) the effective source thickness. T()i) the
wledow transmission, and QQ~) the quantum counting efTiciency of the detector. The delamination of each
of these parameters has been considered in detail. -

PA~~ avmbas 32.l0.F. 32.l0.Q, 52.70., 07.13.

I. INTRODUCTION • often be revealed by the existence of molecular orbitals 

-

Low-energy x-ray spectroscopy in the 10—100-A rather than band structure and by comparativ e analy-

wavelength region (100—1000-eV energy region) han - 
sea of such spectra originating from inner-core va-

• become of considerable Interest as applied In two types cancles on adjacent atoms. Such low-energy x- ray
of research: emission spectra can be directly applied, using stand-

ard sample systems, for the identification of unknown
(1) HIgh-temperature plasma analysis. Ionized gases valence states. These spectra can be applied to estab-

(plasmas) In the 1 OL 10T ‘K temperature range radiate lish and to test molecular orbital and/or band theory
strongly In the 100—1000-eV x- ray regIon (1 eV corre- models for which computer analysis is rapidly becom-
sponds to about 10’ ‘K). Because such high-temperature lag more practical and precise. 2.3
plasznas are characteristic of important astrophysical
sources , their analysis Is a fundamental aspect of the Typically, low-energy x- ray emission spectra of
relatively new science of x- ray astronomy. And now it Interest are of low Intensities. At these trans ition en-
has become possible to generate such plasmas i ’ the ergies , radiative transition rates are small as corn-
laboratory which radiate sufficiently strongly in the x- pared with those for the competing Auger and Coster-
ray region for spectroscopic analysis. These are dcv- Kronlg processes. For this reason It is generally re-

• eloped magnetohydrodynamically and magnetically con- quired that the low-energy spectroscopy be by methods
fined, or by pulsed laser or electron beams and inertial- of optimum efficiency. Usually, the characteristically
ly confined. An important application of such high-tern- low emission intensities will not permit the use of
perature plasma analysis is for controlled thermonu - double crystal spectrometry or of high- resolution grat-
clear fusIon research. The x- ray measurements can ing spectrog raphs. The basic spectrographic approach
yield Information as to the temperalure, density , time that is used In this laboratory is shown in Fig. 1. It is

• history, and spatial characteristics of the plasma.’ • 
• 

-

(2) Molecular orbital and solid-state-band analysis.I• When an atom Is singly ionized with a vacancy created lOUD SSMPU
In one of Its higher Inner core levels , this vacancy is
then promoted to one of the outermost electronic levels
and a radiative transition typically In the 100—1000-eV • 5OLATOIregion may result. The electronic structure of the

• initial Ionization state of the atom is relatively Insen- - GATE

- 
~~~~ T•~~ ULTRASOfTsltlve to Its molecular or condensed matter environ-

X-RAYmont, but that of the final ionized state Is strongly at- SOURCE
fad ed by this atomic environment. The maj or features

rect information as to the populationn, energy levels, SUB-ATMO$PHE~~~~~~

of the associated x-ray emission spectra can yield dl-

and widths (or band structure) of the outer electronic 
~~~~~~~~~~~~~~~ WINDOW

levels. Because the strong radiative transitions obey COURTER MULPILAYER ANALY2ER

th. dipole selection rules , information as to the sym-
metry character of the outer electronic states may also FIG 1. A single-crystal spectrographic approach for low-

energy x-ray spoetrosoopy applying closely coupled 2-kWbe pined. Finally , the degree of localization of certaIn demou ntable x-ray source , large d-spaclng crysta l analyzer ,
outer levels relative to a particular Ionized atom can and tuned subatomoapherlo pressure proportional counter.

1027 Journal .f Applied Physics, Vol. 47, No. 3, March *976 CopyrIght 01976 AmerIcan InstItute of PhysIcs 1027
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Sulfur L~~ emission spectra and molecular orbital studies
of sulfur com pounds

Kazuo Taniguchi and Burton L Henke
Dqar *mect of Ph~mcs and AsUoas.nj~ Usiwslty of HowelL HoaoMtt, HawaiI 96122
(Received 27 August 1975)

• -
The fluorescent sulfur L~~ emission spectra have been quantitatively measured and analyzed for the
relative strengths (radiative yields) of the allowed transitions, and (or the corresponding emission

. bnewidths. These were investigated for the sulfur compounds in the solid, vapor, and gas states—Na~SO,,
• K5SO~ CdSO4, Ns2SO,, K~ISO). C,HIS, HIS, SO~, and SF~ The $ Lu.m spectra for the solid compounds (all

strongly ionic) revealed essentially the same localized molecular orbital character about a central sulfur
atom as for the molecular compounds—showing no significant influence of the cations and no evidence of
crystal band structure. The measured molecular orbital energies and radiative yields were found to be
generally consistent with the eigcnvalue and eigenvector calculations based upon current CNDO and ob
Mill, molecular orbital approsimation methods. The measured sulfor L11~ spectra for the compounds

• reported an this paper have been interpreted according to the valence orbital configuration as obtained from
the CNDO/2 method. This is done while recognizing that other reported molecular orbital calculations on• these molecules oflen indicate different ordenngs The molecula orbital energies as derived from the

• • • L~~, spectra have also been compared with those obtained from photoelectron spectroscopy. demonstrating.
generally, very good agreement between these two methods. Because the L1~ 1, spectra (or second row
elements probe the 3sand the 3d character of the valence band and the K~ spectra probe the 3p character
of the valence band, it has been found very useful to combine the results of these x-ray emission techniques
la order to gain a complete analysis of valence band electronic populations and symmetries. It has been

- shown that the 1
~un 

emission analysis can be a uniquely powerful tool for the determination of the role of
the 3d atomic orbital in the chemical bonding of the second-row elements.

I. INTRODUC’IION 
• bitals) molecular orbital. This same relation has been

used for some solid compounds”~~ and satisfactoryX-ray spectrosCopy has long been a basic method for
results have been obtained. Many thvesttgators’~~”• studying the elemental compositions of materials and have shown that molecular orbital theory could be usedthe electronic structure of atoms. Stegbahn,’ in the effectively for the Interp retation of the effect of chem-

• early 1900’s, developed the technique for measuring teal bonding upon the valence electron x-ray emission
x-ray emission and absorption spectra of many dc- spectrum
nients. It has been known since 1920 that the x-ray
spectrum of an element varies according to Its state Today the valence molecular orbital structure is
of chemical combination . LIndh2 noted the chemIcal ft~irly well understood, particuLarly from the theoreti-
effect upon the K-absorptIon spectra for sulfur corn- cal point of view. Most of the experimental results
pounds. Later, Llndh and Lundqulst3 were able to ~~- have been obtained from the K5 emission spectra (see,
serve the chemical combination effect in x~ray emis- for example, Ref s. 10—27). For the second row elements,
slon spectra K. emission spectra result from transitions from the

valence orbital levels to the is level, thereby reveal-
Skinner and O’Bryant’ showed the Importance of X lag only the 3p character In the valence band spectra

• ray spectroscopy in their Investigations of valence d cc- L,1.,,~ emission spectra result from transitions from
Iron band structure. Sommerfeld and Bethe, ° and later valence orbital levels to the 2p level for the second
Belts,1 applied solid state valence band theory to row elements, and, therefore, by measuring these
the interpretation of x-ray spect-a. As described spectra, we can Investigate the 3s and 3d character In
In many reviews, ~~ the val ence band theoretical In- the valence band. By analyzing the L,,,111 emission
terpretatlon of the x-ray spectra of solids developed spectra along with the K0 emission spectra and/or the
most effectively from the area of soft x-ray spectros- photoelectron spectra , a more comprehensive view of
copy. In recent years Best , ” Nef edov and Fomlchev, U 

the molecular orbital structure In the valence band canManne, IS and Urch’ have shown that the valence band be gained.x-ray spectra, resulting from transitions between the
Inner vacancies and the outer orbltals of an atom in The sulfu r L~ ,u1 emission spectra for solids have
the molecule, can be interpret ed with the help of molec- been previously obtained by Henkeza and by Merritt and

~~~~ ular orbital theory. Urc h” was the fi rst to interpret Agazzi” through the secondary excitation method, and
• . the su lfur L,,,~,, x-ray emission spectra by theoretical by Metsel ci ~ and tlefedov and Fomlchevtt through

• approach, He proposed that the role of the 3d atomic electron excitation. Very recently $adovskll ci ci.”
— orbital of sulfur Is more important than previously measured the sulfur ~~~~~ fluorescence spectra for

speculated. Mannc’5 Interpreted the x-ray emission gaseous compounds and interpreted these with the help
• spectra of gaseous molecules by molecular orbital theory. of molecular orbital theory. Most reported measure-

Heproposed that the relative intensities of x-ray ta-ansi- ments and Interpretat I ons of L~~,11, emission spectra
lions from the molecularorbit als were related to the elgen- to date have been Incomplete and inexplicit, however.

• vectors ci an LCAO (linear combination of atomic or- In recent years, the photoelectron spectra from molec-.
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2—9*! C~LlBaATIOa 8OW~~~ FOR THE 100-1000 eV REGI~~*

~ artaa L. Reeks
- 

University of Hawaii
Department of Physics and Astrona.y

Honolulu, Hawaii 96822

Zn order to calibrate windovs, detectors end dis— in Figs. 2 through 13 of fluorescent line sources in
pea-su e analyzers for low energy x-ray spectroscopy, the 100 to 1000 eV region (10 to 100 A region). Also
certain characteristic line sow~ces have been found to presented are typical absolute intensities as measured
be particularly useful . These are obtained directly off a crystal analyzer end directly from the fluores—
fr ~~ an appropriate anode of a tvo—kilovstt denountable cent radiator. The absolute characteristic radiation
1—ray source , or from a fluorescent secondary radiator output intensities from three often—used anode sources
that is coupled closely to the x—ray source as shown in for the excitation of the fluorescent lines are listed
Fig. 1. Often the characteristic lines nay be effec— in Fig. 1. All intensities were measured with a
tively isolated by filter and/or by pulse height calibrated proportional counter nnd with the window set
discrimination with a proportional counter. 1 This is to accept the full pulse height distribution . The
possible in the low energy x—r ay region becau se the measured intensities were divided by the appropriate
spectral line series are simpler and the line intensity x—ray tube window transmission. (Typical window
relative to the associated continuu m back ground is transmissions are 50 to 80%.) The demountable x—ray
eoasiderably higher than that for the ordinary x-ray source that is used in this laboratory is described in
region. This is illustrated in the spectra presented Fig. lii .

• DIRECT SOURCE INTENSITY - I
PHOTONS / SEC - STEARADIAN - KILOWATT
(FOR CHARACTERISTIC RADIATION )

DIRECT

r 

36 ANODE RADIATION I
ALUMINUM A 1 K 0(8.34A/I49Q eV) 6 x IO ’~

• ~~~~ COPPER Cu-L0 (13.3 A/930 eV) 6 x IO ’~

~‘ ‘\ /‘ FLUORESCENT 
GRAPH (TED C K 0 (44.7 A/277 eV) 2 x IO ’~

• 5
’ 

~~~ I
I

/ Fig. 1. Showing the direct and fluorescent

~~‘
,, 

~~~~~~~~~~ 4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_____ _____ 

output intensities from aluminum, copper and
• 1.75 graphited anodes as used in the excitation

or the fluorescent spectra shown in Figs. 2
through-13.

*To be published in the Proceedings of the 1976 ERDA Symposium on
X- and Gamma-Ra y Sources and Applications.
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Secondary electron energy distributions for gold cs excited
by C IC,, (277 eV) and Al IC,, (1487 eV) x rays •

Burton L Henke and Jerel A. Smith
(Miw,aI~ ~fIt.sau~ lInadsIv. If mnsil 96122

DavId 1. Attwood 
-

Lmnsvuce LIwrmo,~ Za6o,stu,y~ LM rmeor. ~~~~~~~ 94330
(Rucdved 29 Juse l~76; in final form 27 August 1976)

• The —1~ y ehclrun energy dht nbuticns for . gold photocathode as excited by C K~ (277 cv) and Al
K, (*4*7 eV) a rays have been measured. The shapes of the energy distributions are essentially the same
~ r Iheec two a n y  photon excitation energict. For thick evaporated gold samples on glass substrates (at
l~OC and 3XI0 ’ Torn). She sccOnda(~, eleci ron energy distnbutions peak at about I eV and have a
FWHM of about 4 eV. As measured immediately after ion cleaning. the distributions peak at about 2 cV
s.d have a FWHM of about 6.6 cV. Approximately S Is after ion cleaning. the measured distributions
sppnar as those obtained before ion cleaning. The work function of the evaporated gold plsotoratbodc
~~~orarlly increases by I eV u pon ion ckaning.

PA~~ amebcrs 79.6~C~, 73.30.+y 
-

The photoelectric conversion of x-ray intensity into ary electron distributions for practical plsotoeathode
secondary electrons’ has become of considerable inter- materials as excited by calibrated monoenergette x-ray
eat and importance in the development of detectors and line sources’ in the 100—l0000-eV region. A report
of streak’’ and framing’ cameras for application to the Is nol in preparation’ thzt describes the models and
dlagns~st1cs of high-temperature pla sma sources of in- methods which we have et osen for these measurements
tense i radiation. The photocathode response as a tun e - along with our first measurement s on the gold photo-

• lion of the incident x-ray photon energy is required for cathode. in this letter, we present an Outline of our
quantitative measurement . The energy spread (the see- measu rement procedure and some of these first results.
ondary electron energy distribut ion) must be known ifl Because the secondary electrons are of low energyorder to evaluate the time resolution of the picosecond 

~typlcally In the 0—30 -eV region) a precise measuse-streak cameras now under development. 
ment of the secondary electron distribution is obtained

There have been no precise measurements of x-ray- by preaccelerating the electrons into the ent ra nce
• induced secondary electro n distributions reported to aperture of a high-resolution electron spectro~raph .

this time. The mechanisms for the Interna l excitation , As shown In Fig. 1, this is accomplished by establish -transport , and escape of the secondary electrons are ing a uniform field , parallel to the optical axis, by us-
not wetl known. Considerably more experimental data ing a plane accelerating grid close to the photocathode.
must be obtained before an adequate theory for the x-ray The region between the grid and the entrance aperture
generation of secondary electrons can be presented. We of th e spectrograph is field free. (Typically, such pa-.-have initiated a program of measurement of the second- acceleration is also involved in streak camera optics ,

~~~4lid Physics Latisns. Vol.29. r~ . 0.t P4ov,qntwn *975 Cspyd * 0 1*7. Mserle.n Instias. if ~~~~ $35
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J. A pp i. Phys.
O 1-’lO-keV x-ra y-Induced electro n emissions from
solids—Models and secondary electron measurements

Burton L Henke and Jerel A. Smith
Vsfr~*, ~~~~~~~ IIonifufu. HmesN $122

David T. Attwood • -

L~~~ncs•L1n....&i ~~~~~~~ LJsereswe. Ca~~enl. 95530 -

(Psesived IS September 1976; accepted for publication 14 December 1 976)

• 

- Aail~*IcaI modsin see p.s...*ad d..calIsl..g the z.rayescie.d ‘n of ‘5o4om” p’~~’Js.i..... and
A~~~ electrons and the energy dictributiom of emitted asco-~~y electrons. The anr~ .t..y Jaet...a energy
~~trOetio. le given in terms of the ikctroa kinetic energy K5. work fwsciion W. photos sssegy K.. and

• - . phos ioniution coefr,cient M(E,).as pro,octional to E,~s (E,) E5 (E 5 + W) ’ . Tscbiiques of dsctson
spectral measurements utilizing uniform field jwsaccelevatios and lim ited acceptance angle upecta-ometecs
are discussed. %~cwIary electron energy distflbutions are mcaaured at about 10’ Ton from thick

• evaporated films of gold and aluminum at photon energies 277. 1487. and $050 eV. The shapes of these
dic$rkiutions do not depend significantly upon photon energy. The full width at haIf.mazimum (FWHM) of

• 
• • • these distributions are 3.9, 6i. and 4.4 cV foe Au and ion-cleaned Au and Al photocathodes, nsspacti..J,. -

The data agree well with the model pe-’k’.oss.

• PA~~~~~ number.: 79.6aO.~ 73.3G+y. 72b Ps
1.-INT RODUC TION applied effectively over a wide band of photon

•ne’~~~~ es ~~~‘This work is in sequel to and in support of a recent •

presentation by the authors of some measurements on A very recent application of secondary electron
the secondary electron energy distri butions from goLd detectors has been in the development of streak and
as excited by C-K ,, (277 cv) and Al-K ,, (1487 eV) x-ray framing cameras for the diagnostics of x-ray bursts
photons.’ It is an attempt to present the basic physics from laser-produced plasmas . The time spread in the
for the measurement and for the interpre ta tion of the photoconverted secondary electron emission per photon
x-ray-induced electron emissions from uniform isotro- is probably of the orde r of 10.14 sec, and the energy
plc solids. spread is of the order of 10 eV. An x-ra y source can

• In Fig. I are shown the typical characteristics of an be Imaged and photoconverted to an electron source

electron spectrum induced by an x-ray beam incident which may then be reimaged down a streak or framing
upon a solid. Ulust ra ted here are the sharp photoelec- camera tube with an accelera ting electron lens system.

Iron and Auger electron “no-loss” lines with their The time history of an x-ray event can be obtained by a
characte ristic energy loss tail structure , along with the 

fast transverse deflection of this image, e.g., to forum

• low-energy seconda ry electron distributi on . In contrast :‘streak pa ern with a time resolution in the picosec-

to uv-excited electron spectra , here the photoelectrons g

and th. principal sharp Auger electron emissions are In order to support research and application In x-ray
well outside the low-energy secondary electron energy photoemission, considerably more theoretical and cx-
region. The secondary electron spectrum peaks at about perimental work should be done on the development of

• 1 to 2 sY and has a full width at half-maximum (FWHM ) a quantitative relationship between the electron emis-
that Is usually below 10 eV. In this 0—30 eV interval ston spectrum, the incident photon energy, and the

• are typically from 50 to 90% of the total number of characteristics of the photocathode. There is no corn-
• electrons emitted for photon excitation in the 100— p1st. theory of x-ray photoemisslon that Is available

10000- V region.

• The x-ray-excited electron spectra consti tu te a 
-

unique “window” into the solid and its electron excita-
tion, transport, and escape processes. When a thorough
understanding of the physics of these processes is a
gained electron spectroscopy can provide an Important I PHOTO
quantitative basis for the physical and chemical analysis AUGERe( solids. The elec.ron spectroscopy for chemical
a lysis (referred to as ESCA or XPS) has become a
w.U-r.cognized research area within the Last ten SECONDARY

Th. photoelectric conversion of x-ray Intensity Into
electron emission can provide an important practical -

basis for x-ray intensity measurement. X-ray photo- 
Ielectric detectors are vacuum devices and, unlike gas 0 20

Ionization detectors, can be windowless. A unique
~desMage of the photoelectric detector is that it can be no. 1. A typical s-ray-incited pliotounlaslon speetnim.

1952 kotnof of Applisd PhysIcs, V.1 4$, No. 5, May 1977 ~ tpydsht 01977 Ameclc.n InstItute o~ PhysIcs 1953
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High-efficienc y low-energy x-ray spectrosco py in the
100-500-eV region

Burlon L Henke, Rupeil C. C. Perera, Eric M. Gullikson, and Mark L Schattenburg
(M s.u5~ rg’Hawid ~ Honolulu, HawaiI 96822
(isealvid 21 July $977; aocrp’’ for publication I Seyeaker 1977)

Tb. lead ..,. .i.i. muhllayer analyzer has provided a heals ~~ a .l.I1.J , simple and efficient
.,.ct ,~....py ke the low-energy a-ray emissions in the 20-so-A region (where conventional clystal
sp.ctrus...up, and grazing incidence grating spectroucopy are generally inefficient). The percent reflectivity.
th. integrated coefficient of reflection, and the Bragg diffraction width if the lead myristale analyzer
have been measured and found to be consistent with the prwlic’inna of a simple theoretical model ~~
araltilayer diffraction. This multilayer spectroscopy at large Bragg angles ha a high efficiency (high

• 
- immanent tr.-.”~~o-) as competed to grazing ~—i4.-c grating spectrosccpy in this 2040-A region.

However, the resolution Is limited to that sat by the diffraction width of the lead my,4state analyzer of
about I tV Became the colhmator.crystal broadening fUnction can be precisely defined, a simple and

• 
~~~~~~~~~~~~~ deconvolutios procedure can be applied with this nsultilaysr apectroscopy to bring the resolution
into the sub.clect,an-vott region. To demonstrate the efficiency of lead mynstat. apectroscopy In the

• 30-so-A region, spectra were measured and analyzed from a-ray excited fluorescent sources which are
characteristically of low intensity. (X.ray excitation yields a mit.iinum at background spectra and of
radiation damage.) These include the L,, atomic spectrum of argon and the C-K molecular spectrum if
~~ )3, both in the gas phase, and the CI.L~, and O.K spectra from solid lithium perchiorate Many -

.ampl. undergo appreciable radiation-induced ch”~~’ change during the exposur e time that is required
for measurement—even with an optimally fast spectrograph and with fluorescent excitation. A method

• has been developed to evaluate and to correct for radiation damage by distributing the exposure over an
~ cctlvely barge sample volume either by gas flow or by rotating through multiple samples dining
measurement. Several spectral scans were made on the LiC1O4 using sax samples. The total exposure tinie

• for each data point in each scan was recorded which perm itted an extrapolation Into s “zero” exposure
• spectrum. Finally. Fe-L,3/O.K spectrum (from Fe103) in the 17-25.A region is presented to illustrate

the effectiveness of the lead myristate analyze r in third-order diffraction. For this mukilayer. the third-
ceder diffraction efficiency is une.third that of the first order and is nearly twice that of the second order
for this wavelength region.
PA(~ numbess 07.$S.+n, 32.30.Rj, 52.70.I(z, 33.20.Rin -

I. INTRODUCTION the core levels typically result in low-energy x-ray spectra
- . . at a few hundred eV or lean.There are two areas in which Iow.energy x-ray spectrosco-

• py 1. of particular importance at this time—the diagnostics Using, for example, the acid phthallate crystals (2d value
of high-temperature plasmas’ and the determination of the of about 26.6 A), the conventional x.ray crystal spectroscopy
chemical and solid-state electronic structure of atomic sys- has been very effectively extended down to about 500 eV.5
teens.2 - Extreme ultraviolet diffraction grating spectroscopy has

• been extended with high efficiency (with relatively large an-
In the controlled thermonuclear fusion research, a critical gles of grazing incidence) up to about 100 eV.6 We have

temperature region of current interest is in the (1—10) X l0~ found that a very effi cient spectroscopy in the gap region of
C range. The plasmas involved emit radiations most char. 100-500 eV is by using the multilayer analyzers as the lead

acteristically in the low-energy x-ray region (100—1000 eV/ stearate and lead myristate of 2d values equal to 100 and 80
10-100 A). The detailed spectroscopy of these plasma ra- 

~~, respective ly. We have recently presented the detnaled
diations can yield information as to the plasma density, tern- characteristics and application of the lead stearate analyx-
perature, and the identit y and amount of contaminating dc. er.7’t In this paper , we extend the presentation of the meth-
ments. The low-energy x rad iation from pulsed plasma ~ j , and techniques of low-energy x-ray spectroscopy as spe-
sources (as produced by lasers or exploding wires) can be d aily applied with the lead myristate analyzer.
very efficiently converted to relatively sharp distributions
In energy of secondary electrons’ that are amenable , with In Sec.. Il—V . we present an analysis and measurements

• streak camera techniques, to time.history measurements ap. of the x-ray optical characteristics of this multilayer analyr-
• preaching pus resolutions, er, an optimized spectroscopic and data analysis procedure

for gaining maximum overall efficiency and resolution, and.
~~~ Often , the energy and the symmetry of the outer electron, finally, we present some examples of applications to atomic

In states of atomic systems can be sensitively revealed and molecular low-energy x-ray spectroscopy.
through the spectra associated with the transitions from
these states Into a nearby relatively sharp core leveL Such E LEAD• spectra can yield valuable data complementary to that which
a,. available from photoelectron Auger electron spectrosco.

on the structure of valence bands, solid.state bands, and Lead salts of the fatty acids deposited as Langmuir.Blodg-
molecular orbitals.4 These sensitive first trnnnitions into itt multilayers have been demonstrated to be highly efficient
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Cl-L11,111 fluorescent x-ray spectra measurement and analysis 
I

- 
• - page ~692-’37O4- I

for the molecular orbital structure of ClOt , ClO~, and
do2- - . LiBurtonLHenke, Rupert C. C. Perera, and David S. Urchhi)

(Miw’* of u nwelL Honolulu. Hawaii 96822 
•

(lacelved 28 September 1977)
• •

The chlorine L11,111 low energy x-ray spectra from sodium perchborats, chlorate and chlorite have been
obtained using carbon K~ (277 eV) photon excitation and a lead inyflstatc analyzing “crystal” (2d - $0
A) X-ray Induced decomposition was observed for each of these compounds. By taking repealed spectral
acans. systematically distributed over six samples, it vu possible to extrapolate to “zero-dose” Cl.L,~,11
spectra. A specially developed least-squares fitting program was applied to precisely determ ine the energy
and strength of each spectral component which u tilized the known collimation and crystal broadening
fgactJo~a and yielded energy resolutions of less than I eV. Broad low-energy satellite structures were
obsen.ed for all the oxy-anions and for chloride (N5CI) and have been compared to similar satellites as
measured in the Ar.L11 111 spectrum. These structures were thus identified as resulting from multiclectron
processes. The other peaks in the C1.L11 11, spectra of the oxy-anions could be understood as corresponding
so transitions from molecular orbitals with Cl 3s or 3d character. These results have demonstrated that
3d orbitala do play a definite role in the formation of chemical bonds in the oxy-anrons of chlorine and
that the importance of this role increases with the oxidation state of the chlorine. Satis(actozy correlations
have been obtained with the complementary K, x-ray emission and photoelectron spectra and with
molecular Orbital theory for the same anions.

L INTRODUCTION atomic orbital functions (LCAO approximation). The
calculated elgenvectors are used to obtain the dipoleTransitions between the molecular orbital states and transition probabilities. From such MO calculations

the nearby and relatively sharp core level states result the relative amounts of s, p, and d coatribution canIn low energy x-ray spectra that typically lie in the readily be estimated.
100—300 eV (40—IOO A)reg ion . Such spectra can sensi-
tively portray the orbital structure of the molecule (o:, In an earlier work , Henke and Smith1 were able to
In many cases, of an ionic group), For the second-row demonstrate the feasibility of obtaining the L11, ~~ 

spec-
elements, the nearest core levels are the ~~~~~~~~ tra of phosphorous, sulfu r, and chlorine in different
spin-orbit split states. The atomic binding energies of chemical state s by applying spectrographic techniques
these L11, ~~ levels , for example , for 15 P , 16 S, 17 ci, of such effi ciency as to minimize the effects of radiation
and 18 Ar are 136—13 5 , 165—164 , 202 — 200, and 247— decompOsition . Recently , the S—L 11, ~ spectra have
245 electron volts , respectively. In a particular chem — been more precisely measured and analyzed by Henke
Ical environment , these core levels of a given atom and Tan iguch i2~ for the SC ’ and SO~ ions for polycrys-
may shift as much as 10 eV. Such core level chemical ta lline samples and for the molecules containing single
shifts can be measured by x-ray photoelectron spec- sulfur atoms and in the gas or vap or states—H 5S, SO5,
troecopy (XPS). The molecular orbital energie s are of SF5, C,H 4S. The molecular orbital informat iofl de r ived

• the order of 10 eV and can also be measured directly by from these spectra were compared to that obtaine d from
ultraviolet photoelectron spect roscopy (UPS). The x- the complementary photoelectron and K, spectr oscopy
ray emission spectra directly yield the difference in the and to the predi ctions of molecular orbital theory. In

• energy of the molecular orbitals and the core level this present work , the C t— L 11, ~ spectra for the CLCj ,
states . However , unlike the photoelectron spectr a, the CIC , and C1O~ ions for polycry staUine samples are
x-ray emission spectra reveal appreciable information measure d, analyzed and compared to the photoelectron ,
about the symmetr ies of the molecular orbitaL states , K, and MO calculated4 data for the same Ionic systems,
‘I-be LIL m spectral intensit ies are determined mostly Also, important comparisons with the measured atomic

• I by the s and d character of the orbitals and the IC, spec- L31, in spectr a for Ar and NaC i are presented ,
tni inten sities are determined mostly by the p cha rac - A striking difference in the experimenta l determ ina-let of the orbitals. U the L15, ~~~, 

or IC, spectrum origi- tions of the L31, ~ spectra of the sulfu r and the chlor inenetes from an atom of a molecule or of a str ongly ionic
group that contain s only one such atom , it is then re la- compounds has been that the latter undergo considerably
lively easy to approximate ly calculate the energy and greater chemica l change as induced by the excita ’ion

radiation that is required (or the spectral measurement.the relative Intensity of the x-ray spectral components. That rad iation decompos Ition might be Important in theSuch theoretical predictions can simply be based upon soft x-ray spectra of chloro-an ions had been discussedone-electron integrals with the molecular orbital states
described as linear combinations of the a, p, and d by Best In the electron excitation of Cl ?~. spectra and

had also been suggested by Ureh’ In attempt ing to inter -
• pret the early spectra of Henke and Smith t Subse-

~PeraaneM .Idreut Depnrtment of Chcmtstry, Queen biary que nt ly, both Prins’ In x-ray photoelectron experiments
College. Mm End Bond , London, El 4N$, England. and Sadovakil el ~f• In measuring Cl—L n, 111 emission

3907 £ Chant Phyt 111$). 15 Apt. 1979 o~~1-960e,78me0t3692$O1.00 C 197$ American Institute of Physics
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SOME RECENT WORK IN LOW ENERGY X-RAY PHYSICS *

B. 1. Hen ke

Abstrac t

1. 3—Cay Sources——Nigh intensity, monochro matic excita—
-tie, sources are e ssential for quantit a tive studie s of the
•.ussiom processes for photoel e ctrons , Auc er and secondary
electrons and for fluorescent a— r a y s .  Such sources are also
ceeded for the calibr a tion of the detectors and analy zers
e.ploy.d for these studies end for subse quent applications. In
the low-energy x-ray reg ion (10-100 A/l OO—100 0 eV ) the direct
radiation fror an x— ray tube anode , wi th  the appropriate filter
lad ano de volta.., may be sufficiently monochromatic because
the l ine radiation often dealnate s the associated con tinuum
radiat ion. 1~e line—continuum profiles have been measured and
will be prese nted here for severa l useful K , L, an d H ch a rac-
teristic line sources in order to illustrate the effect of
filters and ar-ode voltage. The absolute brightness of these
sou rces ( in  p lioton/sec—stear idian) w i l l  also be presented.

I. Elec t ron Spectroscopy -— Ihe electron spectro scopy of
x—ray producec p n o to eml sslons has recently become an import an t
tool In su rface analysis. Photoelectron and  Au aer electron
sp ectrosco py rest effectively probe core electron states and
the secondary electron spect rosc op y probes the valence electron
band states of the surface material. The basic p rocesses  that
determine the photoem iss lon spectra are the exc itation , trans-
port and the escape processes. Iii order that electron spectros-
copy can be fully rea l ized  as a quantitative tool , considerably
more must be known of the physics of these processes. This is
particularly the case for secondary electron emission w h i c h  is
the most complex and for which there is no complete theory at
this tire.

Theoret ical model results will be presented here along
with examples of recently measured secondary electron energy
distributions of metals and dielectrics. The secondary emission
spectra rise sharply from zero electron kinetic energy to a peak
valve of about one eV and w i t h  a FW HH usually in the two to f ive
eY region. Th ese are b eI ng measured w i t h  a resolution of .04 eV
va ing a hen is;!r e r l ca l  e l e c t r o s t a t i c  a n a l y z e r .  A u n i f o r m  p r - c —
acceleration field is employed which permits the application of
• simple and accurate correction for a chan ge in electron
optica l br ightness associated with preacceleration (acceptance
energy of the spectrograph is set at 15 volts).

It is hoped that measurements as these will also be help-
ful in  g a i nin c  a more complete understanding of the secondary
electron contr ist dep endenc e upon the surface state in scanning
electr on m icrosco py,  and in the choice of x—ray photocathode
materials particularly as used for pulsed x—ray measure ments
for tempora l resolutions in the picosecond region.

3. Y-R y Spce trosr -opy --The low energy x— ray spectroscopy
has been decon strated to be a very useful tool for l ight element
anal ysis , valence band and molecular orbital an a lysis , and for
high tem pera ture plas oa di agnostic s . The 11.1s t elem ents emit
•nly in the long wavelength x-ray region. Spectra from all
elements Involvin g transition s from the valence or molecular
•rbital levels to the nearby, relatively Sharp core levels are
in the one—to-severa l hundred cv region and do sensitively
portra y important outer electronic state structure . Plasm a in
the ten- m illion degree rance (astrophysical and CTR , for ex am p le)
emit most strongly in the t ow energy x-ray resion. To accom-
plish this type of x-ray spectroscopy , the simpler and higher
efficienc y crystal spect roseopy is sometines more appropriate
than the gratina spectro seopy even though the latter is inherent-
ly capable of hIg her resolution.

Presented here will be some examples of atomic and malecu-
lap , fluoresce nt spectro scopy of gaseous and solid samples using
the ma l tll aye r analyzer (Lan gmui r -Blod ge tt type). The seasured
reflection coe fficients and resolution for the lead .yristete
cryst al will be presented in detail. And a simple method for

~appim g spectra iii •rder to gain spectral resoluti ons in the
5.1 cv rang , will be described.

- ~~~~ Infildiag the spectrograp hic lines and for decomposing over-

• *pub)jshed In the Proceedings of the Eighth International
Conference on X-Ray Optics and Microanalysis, Boston , Au g. 1977
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MODELS AND MEASUREMENT FOR THE RESPONSE

OF DIELECTRIC X-RAY PHOTOCATHODES

Purton 1. Ilenke , John Liesegang and Steven 0. Smith

University of Hawaii
Department of Physics and Astronomy

Honolu l u , Hawaii 96822 
-

ABSTRACT

Most of the electrons which are ejected from a solid that
is exposed to an x-ray beam a ppear as secondary electrons with

• kinetic energies less than 10 eV and w i th  a re lat ively sharp
energy distribu tion of FWHM values less than 5 eV. This
secondar y e l ectron “signal” can be the basis for the measure -
ment of the intensity and the tempora l history (into the pica-

• second range) of pulsed x-ray sources. For example , x-ray
photocathodes are currently applied in diode detectors and in
streak and framing cameras. Simple models have been developed

• for the prediction of the shape and for the yield of the
secondary electron distribution as these depend upon the x-ray
photon energy and upon the x-ray absorption and solid state
characteristics of the photocathode. To test these models ,
the secondary electron distributions and relat ive quantum yields
have been measured for selected photocathode materials (semi-
conductors an d Insulators). Several alkali halides have been
found to have much higher quantum yields and appreciably
narrower energy distributions than do metal photocathodes ,
such as aluminum and gold for the x-ray photon energy region
of 0.1 to 10 keY. The shape of the secondary electron distri-
butions are essentially independent of photon energies in this
regi on . The ex perimental results have been found to be in good
agreement generally with the model predictions.
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- -Characteristics for Time Resolved X-Ray Spectroscopy

- 

- Burtoá L. HENKE and Kandatege PR EMARATNE
- 

- 
- 

- 
- Dq.rtnwmt of P1,vsscs and Astronomy - -

- .
. - (laiwrsf ty of Hawaii . Honolulu, Hawaii 96822

• - - *aceiilly the secondary electron energy distributions and the relative secondary
• 

• 
didetron yields for the 0.1 to 10 keV photon excitation region have been measured for

- gold, aluminum and for sixteen representative semiconductors and insulators lalkali
- 

• halides), and a simple phcnomenological moden For X.ray photoemission has been •

- 
-
. developed. This work is discussed here as it might be applied to the application of

• 

• 

- • • streak eemeras for ti me resolved X.ray spectroscopy.

• ,~; Introduction 
.
. 

- 
G~~~~ CIICV flN LIN’ 

- - - 

.

‘ 

-
• . 

-  ~~C! S1$5I.
~

L r
~

AI
~

- . Time resolved X-ray spectroscopy has re cr .c~~~• 
mIrwnaem . 

-

• cently. become of considerable value in studies 
~~~~~~~~~~~~~~~ 

cc \
- • of high temperature plasmas in the one second - - 

- 
-

• range (magnetically confined fusion) to the —
-
. - picosecond range (laser produced fusion). ~~~~~~~~~---~~ •~m

- Mode-locked laser systems are available that “~~“ - 
•

- 
can generate high intensity pulses of X-radia-

- ‘ lion from matter in the picosecond region. -‘~~~~~~~~~~~ 63
- • - Ultra-fast spectroscopy is needed for the 

~~~~~~~~~ n($OLU?ION ISN’t . -• - dtaracterization of such X-ray sources and of •

• - 
- the effects of their radiation bursts upon • 531 W {i+ ~ - z)(~~~ ) - - . ~.cos(co~ Ds

measurement of the- lifetimes of metastable ~- StCOND&R ~ citcino., (i,5flG, 5pm(1O ‘N V
• - atomic and molecular states and of certain ~.

. 
~~~~~~~~ FIILD ~,‘5 SN SV~

• - photochemical processes. ~~~~~~ Fig. I. Schematic of an X-ray streak tube as app lied
- A proven method for accomplishing time 

~~~~~ 
x.raY

h
sP7~

OScOPY: The

resolved X-ray spectroscopy is that with the at the image intens ifier for axially emitted electrons
• - X-ray streak tube.4 ° ’  An X-ray beam is dis from the photocathodc of init ial velocities equal

• 
- prescd according to its photon energy along a to zero and to ro. The corresponding energy spread.

• slit-defined photocathode using a non-focusing A. of the secondary electron emission is 1j 2n,vj.

- 
-. crystal or a diffraction grating (or by a series

- of absorption filter and/or total-reflection and the temporal resolution of the streak
monochromator channels). The secondary eke camera are ultimately determined by the
Irons from this slit source are used to form a characteristics of the photocatbode. In the
line image at an image intensifier (needed sections that follow, we have attempted to

• particularly for ultra-fast speclroscopy). This review (I) the basic relationship between the
line image is “streaked” to establish a time base photoemission and the electron-optical charac-

• . using a pair of deflecting plates. The optical teristics of the X-ray streak lube, and (2) the
output of the image intensifier is recorded e,tpcrimental and theoretical -determination
photographically. A schematic of such an of the relevant photoemission properties of
X-ray streak tube is shown in Fig. I. As metal and dielectric X-ray . photocathodes as

• Indicated here, two types of imaging can be have been recently investigated in this lab- —

used, either an electron lens system” or a oratory.U-t ))
- sldtple, pvo*smity4ocusing microchannel plate

- ~~- ., ‘.‘• 62. Some Basic Ekcsron-Updcal RelatIons
- The lnhsftslty.’and-photon-encrgy response l’he number of secondary electrons per -

• 
.

• .- . . • .
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ft.pm t C. C. Perera°° and Burton 1. Ht~~~ -
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- I th.aitj ~ ef Hawaii, Hon.e4&v. Ha W.ái pa~jJ~ -

- • 
- thsC-k s.d Cl-I.,, low energy X.ray spectra from solid CCI have been obtained 

• 
- 

• 
•

• , .d.~ mososnergetic X-ray excitation and a lead mynstate mullilaycr anal yzing crystal. •

The CI-L spectra was also measured in the vapor phase and compared with that
- 

- -
‘ • .sasvrcd iii the solid phase. The deconvoh.ed C-K and CI.L1 spectra arc compared - 

- -
.
. • with thç available Cl-K5 and UPS spectra arid with the results of CNDO/2. MINDO/3 - -

— - 
• d extended HOckel MO calculations. .

- •1~ I~roducdoa 
- • 

- - •2. Experluteo tal 
- 

-
- 

• - - - •

The X-ray emission spectra from gaseous Basic details of the experimental approach
chlorinated methane derivatives have been have been given elsewhere .’- ’1 For high
previousl y reported by many authors . LaVil la efficiency, an oxid ized copper excitation source •

- . and Deslattes” studied the chlor ine-K9 emis- was used to create the C-Is hole and a carbon
slon spectra and Ehiert and Matts on Z

~ reported excitation source was used to create the Cl-2p
• the carbon-K and chlorine-I spectra from four hole. The X-ray tube was operated at 8 kV and

chlorinated derivatives of met hane. The pho- ISO mA. A lead myristate multilayer” was used
toelcctron spectra of ch iorome thanes were as the analyzer. A “ pressure tuned ”~ con-
measured by Potts et a!.~ us ing 21 eV and 40 sLant flow proportional counter filled with

• - eV excitations and by Turner et a!.’1 us ing propane at subatmospheric pressure was used
21 eV excitation. The experimental photoelec- as the detector. - 

• -

• Iron spectra are in good agreement, Hopfgarten In measuring the chlorine-L,1.11~ spectra in -

and Manne” provided a molecular orbital the vapor phase, the sample pressure in the
interpretation of available photoelectron and , gas cell was maintained at one Torr for maxi-

- X-ray emission spectra of chioromethanes mum intensity. ’0’ The chlorine-I11,,11 spectra
on the basis of the extended Hückcl molecular of Cd 4 in the solid and vapor phases were
orbital calculations. measured under the same excitation and are

In this laboratory,’-” the C-K and Cl-L presented in Fig. I. As seen from Fig. I, there
emission spectra of Cd 4 and CHCI 3 and the are no substantial differences between the gas -

C-K emission spectra of CH4 were measured phase and solid phase spectra. Since the
in the solid phase. The C-K emission spectra fluorescent intensity from the solid phase was

• of methane and the Cl-I emission spectra of about ten times higher than in the gas phase,
chioromethanes were also measured in the gas the spectra from the solid samples were used in

- phase. Molecular orbital analysis of these the detailed analysis presented here.
,chloromethanes were based upon the CN DO/2 Reagent grade Cd 4 was obtained corn-
and MINDO/3 SCF-MO calculations and merically with bettet~ than 99% purity. AlL of -

uppn results of available extended Hückel MO the spectra presented in this work are the sum
calculations ” As an example, the spectra and of at least three repeated runs and the individual
molecular orbital analysis of CC)4 will be runs reproduced within statistical deviations.
presented here. Over IO~ counts were collected at the peak in

• - 
, 

- 

all spectra and the spectrometer was calibrated - 
-

using Rh, Mo and Nb M~ lines.’-5’ In all of
‘In partial IW*Ument of PhD, University of Hawaii, the spectra, the peak intensities were normalized

- 
May 57*. and background was not subt racted from the

“PTeien$ address: Department of Physics, University data because it was negligibly small.
of Sn Lonita. Pctadeniya, Sri Lanka. • A step-scanned spectrum thus obtained was

- . I

- 
• • . - 
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SOFT X-RAY INDU CED SECONDARY ELECTRON EMISSION
FROM SEMI CONDU CTORS AN D ,IN SULAT ORS: MODEL S AND MEA SU REMENT

Burton L. Henke , John Liesegang *
and Steven D. Smith

Abstract

Secondary electron energy distribution curves (EDC’ s) and
the total secondary electron yields relative to such for gold
have been measured for seven sem iconductors for which electron—
electron scattering losses within the emitter were considered
dominant and for nine insulators (alkali halides) for which
electron —phonon scattering losses were expected to be dominant
in the transport process. The secondary electron spectra were
excited by Al

~~
Ka (1487 eV) photons and were measured from

evaporated dielectric films (of about 0.3 micron thickness) on
conducting substrates with an electrostatic , hemispherical
analyzer of about .03 eV resolution. Some of the dielectric
photoemitters have appr eciably narrower energy d is t r ibut ions
and higher yields than has gold; Cu! and Cs ! have EDC w id ths
at half -maximum of about one-third of that for gold , and yield
values of eleven and thirty times greater. The FWHM and
secondary electron yield for gold were measured to be about
4 eV and .05 electrons per normally incident photon , respective-
ly. The shapes of the EDC’ s were found to be essentially un-
changed for photon excitation in the 0.1 to 10 keV region.
Strong structural features appear only in the alkali halide
EDC ’s and it is proposed that these are mainly the result of
single electron promotion of secondaries from the valen ce band
by plasmon de-excitation. A relatively simple model for x-ray
photoemission has been developed which assumes that direct
excitation of secondaries by photoelectron and Auger electron
~pr imar i e s ” is the dominant excitation mechanism and accounts
for both electron -electron and electron -phonon scattering in
the transport process. Free-electron conduction band descrip-
tions are assumed. The theoretical and experimental curves
are In satisfactory agreement .

*Pe rman en t a dd ress: La Tro be Un i vers ity , Department of Physics ,
• Bundoora , Victoria , Australia 3083
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LOW ENERGY X-RAY EMISSION SPECTRA AND
-

• 
MOLE CULAR ORBITAL ANALYSIS OF CH4, CC 1 4 AND CHC 1 3

Rupert C. C. Perera* and Burton L. Henke

Abstract

The C-K and Cl-I 11 III low energy x-ray spectra from
s o l i d  Cd 4 , CHC 1 3 and tf~e C-K x-ray spectrum from sol id CH4
have been ob tained using monoener getic x-ray excitation and a
lead myristate multilayer analyzin g crystal . The C-K spectrum
of me thane and Cl-L 11 ,1 11 spec t ra  of th e c h i o r o m e t h a n e s  were
also measured in the gas/vapor phase and compared with those
meas ured in the so l id  phase.  The deconvo lved spectral  compo-
nents are aligned on a common energy scale with the complemen-
tary x-ray emission and photoelectron spectra by identifying
the same molecular orbital in all spectra . Such an alignment
procedure yields a C-is ionization energy of gaseous CH4, and
solid CC1 4 and CHC1 3 as 290.0 eV , 293.5 eV and 293.1 eV ,
respectively; and the Cl— 2p 312 ionization energy of solid CC1 4
and Cl-Id 3 as 206.5 eV and 204.8 eV. Results of the CNDO/2 and
MINDO /3 MO ca lcu la t ions  have been presented and compared w i th
the ava ilable results of the extended Huckel MO m e t h o d  a n d  w i t h
the deconvolved spectral components. From the geometry pro-
gram in the MINDO/3 MO ca l cu l a t i ons , the C-H bond length in
CH4 is 1.102 A , the C—Cl  bond length in CC 1 4 is 1.751 A , a n d
the C-H and C-Cl bond lengths In CHC1 3 are 1.100 A and 1.744 A ,
respectively. Comparison with the vapor/gas phase spectra
shows essentially the same energies for spectral components in
the C-K and Cl-L spectra from CH4 and Cd 4, whereas the spectral
components In the Cl-I spectra of CHC1 3 have energies in the
gas phase that are signifi cantly higher than those for the
solid phase.

*present address: Department of Phys ics , University of Sri
Lanka , Peradenlya Campus , Peradenlya , Sri Lanka. This work has
been in partial fulfillment of the University of Hawaii re-
quirements for the Ph.D. in Physics.
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PHYSICS AND APPLI CATION OF MtJLTILAYER “CRYSTALS” FOR
SPECTRAL ANALYSIS IN THE 50— 100 A REGION. Burton L. Henke ,
University of Hawaii, Honolulu, Hawaii 96822.—--Insoluble
monomolecular layers on a water surface (e.g., lead salts of
fatty acids) are successively deposited upon a glass sub-
strate as Langmuir—Blodgett niultilayer “crystals” and applied
as efficient analyzers for low—energy x—radiations in the
100—200 eV region with energy resolutions of about one eV. A
simple structural model for the salts of the straight—chain
fatty acids has been used with both the mosaic and the
IJarwin—Prins crystal theories In order to develop semi—
empirical expressions for the multilayer analyzer eff iciency
and resolution as a function of wavelength.

By a straightforward extension of flat—crystal vacuum
fluorescence spectroscopy , the molecular orbital L11,111
spectra have been measured for phosphorous, sulfur and chlo—
rine in their several oxidation states. These spectra, along
with such from K~, uv ~nd x—ray photoelectron spectroscopy,
have permitted a complete determination of the relative s, p
and d character of the molecular orbitals.

The aultilayer analyzers have also been applied to the
low—energy x—ray spectral analysis of high temperature
plasmas as genera ted by pulsed laser and elect ron beams. For
pulsed sources , non—focussing crystal geometries such as
convex—cylindrical are employed. Such spectral measurements
yield the -density and temperature of the plasma. By coupling
these multilayer analyzers onto streak cameras , time—resolved
spectroscopy into the picosecond region should be attainable
in this low—energy x—ray region.

a) Burton L. Henke
Ph. (808) 948—7660

b) Low energy x—ray analysis by crystal spectroscopy.
c) Oral Presentation .

For Applied Crystallography Group Invited Paper
d) 35 m m  slide projector
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of flat or curved geometry and for dc or pulsed x—ray sources.
The dc spectroscopy has been demonstrated in this laboratory as
applied to the measurement of valence band and molecular orbital
energies of selected compounds in both the solid and gas states
and with spectral resolutions , using specially developed de—
convolution methods , of a few tenths of an electron volt . The
fluorescent lin es that are measured result from transition of
valence electrons into the nearest , relatively sharp core levels
with photon energies typically in the 100 eV region for all
el ements . The measured value s have been found to agree well
with molecular orbita l calculations using methods such as the

• CND O , MINDO and ab ini tio , performed here and in other labora-
tories. These measurements are also in good agreement with those
of the complementary uv and x—ray excited photoelectron spec—
troscopy . In order to achieve time -resolved spectroscopy into
the picosecond region (as needed for laser fusion studies) the
x—ray spectrum is disper sed along a transmission x—ray photo—
cathode slit and the converted secondary electrons are focussed
and deflected across the face of an image intensifier section of
an x—ray streak or framing camera . For this application , the
photocathode must pres ent a secondary el ectron energy distribu-
tion of width of about one eV or less and with high quantum
efficiency . A program has been established in this laboratory
on the development of theoretical models and of the precise
experimenta l measurement of the total and secondary electron
quantum yields and of the secondary electron energy distribution
functions for both metals and diele ctrics. High resolution
(< .05 eV) secondary electron energy distributions have been -

measured for gold , aluminum , and for sixteen semiconductors and• insulators (alkali halides). New model expressi ons for these
distributions have been derived whi ch are in good agreement with
the experimental results. A new facilit y has been completed for
the absolute measurement of the total and secondary electron
yields of both thick and transmission x-ray photo cathode systems
utilizing selected filtered , fluorescent line sources of photon
energy in the 0.1 to 10 keV region. First page abstracts of
published papers that des cribe these research results are
presented here.

Unclassified
SECURITY CLASSIFICATION OF tHIS PAGE(Wh.n DaS. EnS.r.d) 

-•-- -—- -~~~~~ —
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

- •

L. ~--—-- —---—-- — —


